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ABSTRACT

Hydrophobic hydration of non polar molecules is the principal driving force that
dictates several interfacial phenomena in nature such as self assembly of surfactant
molecules, fate of environmental pollutants, wetting of surfaces, solution behavior of
polymers and folding of biological molecules such as proteins. However, the physics
associated with hydrophobic interactions on a molecular length scale, which is central to
self assembly and protein folding, is different from the macroscopic phenomena of demixing of oil and water or wetting of surfaces. This dissertation seeks to understand the
implication of hydrophobic interactions to energy and environmental applications using
different approaches.
The first approach is to examine the behavior of water molecules with
hydrophobic moieties at a molecular level using molecular dynamics simulations and
evaluate macroscopic thermodynamic properties. The first problem addressed in this
dissertation is the enclathration of gas molecules by water molecules in the presence of
quaternary ammonium ions. Small polar organic molecules such as quaternary
ammonium salts form crystalline inclusion compounds called semi-clathrate hydrates,
where these polar molecules occupy a lattice position of the hydrogen bond network of
water molecules. These crystalline structures of water are formed at ambient temperature
and pressure conditions and can store as much 3%(w/w) of methane, making them
potential materials for gas storage. The stability and structure of semi-clathrate hydrates
of tetrabutylammonium bromide (TBAB) and methane were investigated using molecular
dynamics (MD) simulations. MD simulations were done at varying conditions of
temperature and pressure for methane-TBAB ratios of 0, 0.5, 1, 1.5 and 2. Thermomechanical properties evaluated using MD simulations were in agreement with

experimental data available. Our investigation of this system shows that enclathration of
methane in these semi-clathrate hydrates is thermodynamically favorable even at higher
temperatures and shows signatures of hydrophobic hydration. Our estimation of free
energies associated with successive inclusion of methane molecules in these cavities
suggests a Langmuir-type adsorption of methane in these cages.
Another problem investigated in this dissertation is the effect of chemical
heterogeneity of crystalline cellulose (110) and (100) surfaces on their respective wetting
behavior. Understanding the interaction of water with cellulose is important in the view
of its role in consumer textiles made from cotton cellulose and potential applications of
cellulose as biomaterials and as an energy source. The difference in the wetting behavior
of (110) and (100) crystal surfaces is due to the asymmetry in the exposure of the
hydroxyl groups by these surfaces. MD simulations were used to evaluate the contact
angles of hemi-cylindrical water nanodroplets on crystalline (110) and (100) surfaces of
the cellulose Iβ allomorph. While the native crystalline surfaces were completely wetted
by water nanodroplets, substituting the primary hydroxyl groups with methyl and
methoxy groups results in dewetting. The contact angle of a hemicylidrical water
nanodroplet on the hydrophobically-modified (110) surface is greater than on the (100)
surface suggesting that the (110) surface has a greater exposure of the primary hydroxyl
groups.
The solubility of cellulose in aliphatic N-oxides has been of particular interest
because of its application in industrial processes such as Lyocell process. However, the
mechanisms that dictate the dissolution of cellulose in these selective solvents are not
clearly understood. Attempt is made to understand the solvation of cellulose in N-

Methylmorpholine oxide (NMMO) and water from a molecular perspective. MD
simulations of a model cellohexaose crystallite solvated respectively in pure water,
NMMO and in an equimolar mixture suggest that while NMMO molecules preferentially
cluster around the primary hydroxyl groups in cellohexaose chains, the role of water is
critical in its ability to access the glycosidic oxygen.
The second approach is to study the implication of introducing hydrophobicity at
molecular level and experimental determination of its implication to addressing
interfacial aspects of environmental remediation. Sub-micron size carbon particles
derived from hydrothermal decomposition of sucrose are effective in stabilizing water-intrichloroethylene (TCE) emulsions. Irreversible adsorption of carbon particles at the
TCE-water interface resulting in the formation of a monolayer around the water droplet
in the emulsion phase is identified as the key reason for emulsion stability. Cryogenic
Scanning Electron Microscopy was used to clearly image the assembly of carbon
particles at the TCE-water interface and the formation of bilayers at regions of dropletdroplet contact. The results from this study have broad implications to the subsurface
injection of carbon submicron particles containing zerovalent iron nanoparticles to treat
pools of chlorinated hydrocarbons that are sequestered in fractured bedrock.
Interfacial aspects of hydrophobically modified biopolymer and its ability to
enhance the stability of crude-oil droplets formed were investigated. Turbidimetric
analyses show that emulsions of crude oil in saline water prepared using a combination of
the biopolymer and the well-studied chemical dispersant (Corexit 9500A) remain stable
for extended periods in comparison to emulsions stabilized by the dispersant alone. The
hydrophobic residues attached to the polymer preferentially anchor at the oil-water

interface and form a protective layer of the polymer around the droplets. The enhanced
stability of the droplets is due to the polymer layer providing an increase in electrostatic
and steric repulsions and thereby a large barrier to droplet coalescence. The implication
of this study to current remediation methods is significant since the addition of
hydrophobically modified chitosan following the application of chemical dispersant to an
oil spill can potentially reduce the use of chemical dispersants.
Increasing the molecular weight of the biopolymer changes the rheological
properties of the oil-in-water emulsion. Emulsions stabilized by using a combination of
Corexit 9500A and high molecular weight hydrophobically modified chitosan show
characteristics of a weak gel. The ability of the biopolymer to tether the oil droplets in a
gel-like matrix has potential applications in the immobilization of surface oil spills for
enhanced removal. Carbon microspheres containing magnetite nanoparticles, synthesized
using inexpensive precursors such as sucrose and iron chloride, are ferromagnetic and
have affinity to the oil phase. We demonstrate that a thin layer of crude oil can be
corralled and thickened by the application of nonionic surfactant. Following the
application of magnetite-carbon particles, hydrophobically modified chitosan was applied
to form a gel-like phase. This gel-like phase of crude oil containing magnetic carbon
spheres can be removed as an aggregate using a magnet resulting in enhanced recovery of
crude oil. The results from the current study point to developing potential applications for
confinement, magnetic tracking and removal of surface oil.
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INTRODUCTION
Water is perhaps the most studied compound and a lot of progress has been made
in understanding the properties of water since Lavoisier’s experiment in the eighteenth
century. Water is unique in its ability to facilitate and participate in the process of self
assembly both in nature.[1] The advent of computers and development of statistical
mechanics have aided the understanding of the process of self assembly in aqueous
environments at the molecular level.[2] Experimental techniques such as electron
microscopy, neutron diffraction have made it possible to gain insights into self assembly
in water mediated systems and also enabled a better understanding of interfacial behavior
of water.[3-6]
The hydrophobic effect, deriving its name from the Greek language for fear of
water, is a physical phenomenon describing the interaction of water with non-polar
molecules. Although, ubiquitous in guiding many interfacial phenomena from de-mixing
of oil and water to self assembly of biological molecules,[7] the hydrophobic effect is a
multi-dimensional phenomena guided by different driving forces at different length
scales.[1, 8] On a molecular length scale (~0.3-0.5 nm) the local structure of water
molecules, afforded by the hydrogen bonds between them, can accommodate
hydrophobic species within thermal fluctuations. [9] This accommodation is associated
with an entropic penalty due to the restrictions to the configuration of the water
molecules.[10-11]
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However, as the size of solute increases, the thermodynamic cost associated with
reorganization of water molecules is large and separation of phases takes place.[1, 10] At
these length scales, determined theoretically and experimentally to be 1 nm and greater,
the interfacial forces drive the association of hydrophobic species.[1, 6, 12-13] Attempts
at theoretical interpretation and correlation of these contrasting length scales have been
met with some success. [14-16] In recent years, experiments have been attempted to
bridge the gap in understanding the length scales of hydrophobic interactions.[6] The
current understanding is that the enthalpic contribution to hydration is positive[15] and
unfavorable as was previous believed.[17]
This dissertation seeks to understand the implication of hydrophobic interactions
to energy and environmental applications using different approaches at two different
length scales. The first approach is to examine the behavior of water molecules with
hydrophobic moieties at a molecular level using molecular dynamics simulations and
evaluate macroscopic thermodynamic properties. The second approach is to study the
implication of introducing hydrophobicity at the molecular level and experimental
determination of its implication to addressing interfacial aspects of environmental
remediation. The dissertation is divided into six chapters. The first three chapters discuss
the case where molecular dynamics simulations were used to understand the effect of
molecular scale hydrophobicity on macroscopic properties. The next three chapters are
experimental studies of the fate of environmental pollutants from an interfacial aspect.
The results from the experimental studies point towards developing novel methods for
enhancing the efficacy of current remediation techniques. The following sections give a
brief overview of the research problems addressed in this thesis.
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I.

ENCLATHRATION OF GAS MOLECULES IN WATER CAGES
Clathrate hydrates or gas hydrates are a classic example of the hydrophobic effect

at the molecular length scale. Deriving their name from the Latin word clatratus meaning
lattice, clathrate hydrates are crystalline structures formed by water molecules due to
inclusion of low molecular weight gas molecules like methane, carbon dioxide etc.[18]
Discovered by Sir Humphrey Davy in 1810, clathrate hydrates are found naturally in the
permafrost region, under the sedimentary rocks on the sea floor and in stellar clusters.
[18-19]. Structurally, gas hydrates are characterized by the gas molecules occupying
polyhedral cages formed by water molecules. Based on the size of the guest molecules,
clathrate hydrates exist in three different allotropic forms, sI, sII and sH, shown in Figure
A-1. [18] These allotropes differ in the coordination number of water with that of guests
resulting in different type of polyhedral cages and hence different structures and storage
capabilities.
Studied initially to understand flow assurance problems in natural gas pipelines,
there is a renewed interest in clathrate hydrates for their applications in reversible gas
storage and as a potential energy source.[20] Recent studies have revealed that clathrate
hydrates could be used to store hydrogen gas leading to a spurt in research concentrating
on stabilizing the hydrogen hydrates at ambient conditions of pressure and
temperature.[21-22] Reversibility of the capture and release processes governed by a
phase transition and the water based medium make clathrate hydrates an attractive and
environmentally benign candidate for gas storage.[23]
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Figure A-1 Structure of polyhedral cages in gas hydrates (reproduced from Ref 18).

Figure A-2 Structure of 1:38 TBAB-H2O semi-clathrate hydrate. The golden circles
represent the empty cages available for gas storage (reproduced from Ref.24).
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Formation of clathrate hydrates at lower pressures and higher temperatures is
thermodynamically favorable. The stability of hydrates at ambient conditions can be
enhanced by small polar additives such as tetrahydrofuran (THF) as demonstrated by
Sloan and coworkers. [24] However, mixed clathrate such as THF-H2 hydrates have
limitations of stoichiometry and contamination for gas storage application. An alternative
to using mixed clathrates for gas storage is to use semi-clathrate hydrates.
Semi-clathrate hydrates are inclusion compounds where organic ionic compounds
such as quaternary ammonium salts stabilize the cage structure of water by replacing
water molecules and occupying lattice positions (Figure A-2). Semi-clathrates of
quaternary alkyl ammonium halides have been shown to store gas molecules at
temperatures close to room temperature and moderately high pressures.[25-27] However,
molecular level studies on these systems are scarce. Chapter 1 of this thesis attempts to
establish a molecular basis for modeling these systems and to predict thermo-mechanical
properties.
II.

WETTING AND SOLUBILITY BEHAVIOR OF CELLULOSE
Cellulose is the most abundant biopolymer on the planet and consists of linear

chains of

D-glucose

units connected by glycosidic bonds to form polymeric chains

through a condensation reaction. The polymer chains hydrogen bond to form different
crystal morphologies, the important structures being the Iα and the Iβ allomorphs. The Iα
form is usually present in lower plant cells and algae, while the Iβ allomorph constitutes
the majority of the secondary walls of cotton fiber (Figure A-3) and other higher
plants.[28]
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Figure A-3 Morphology of cotton fiber showing the orientation of cellulose microfibrils
(image credited to Wilton Goynes reproduced from Ref 28).

Figure A-4 Transmission Electron Microscope image of cotton microfibrils from the
primary cell wall of cotton fiber (credited to Wilton Goynes, reproduced from Ref. 28).
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Although the cellulose crystal structures were studied as early as 1913, they were
not completely resolved until 2002 when Nishiyama et al. used a combination of X-ray
and neutron diffraction techniques.[29] Cellulose nanocrystals are emerging as potential
biomaterials used as composites with various polymers.[30] Compatibilization of
cellulose with polymers requires chemical modification.[31] At the molecular level, there
exists chemical heterogeneity between the crystalline phases of cellulose due to different
orientations of the glucopyranose monomer along the crystal planes.[32] This
heterogeneity is believed to impart anisotropy in the wetting characteristics of the crystal
planes.[33] Understanding the molecular level details of moisture movement on cellulose
has implications to development of self-cleaning and fast-drying fabrics and use of
cellulosics for biofuel applications.[34]
The interactions of water molecules with the crystal surfaces are difficult to map
using experimental techniques due to reorganization of cellulose fibers in the presence of
water.[35] Molecular simulations are useful tools in mapping hydrophobicity of
chemically heterogeneous surfaces.[36] Chapter 2 presents a case where the wetting
behavior of a relatively hydrophilic (110) surface is compared with the relatively
hydrophobic (100) surface by evaluating macroscopic contact angles from molecular
dynamics simulations. Hydrophobic modification of these surfaces elucidates the
chemical heterogeneity of these surfaces.
Despite its hydrophilicity, cellulose is insoluble in water even at higher
temperatures.[37] But cellulose is known to dissolve in polar solvents such as tertiary Noxides namely N-Methylmorpholine oxide (NMMO).[38] Solubility of cellulose in
aliphatic N-oxides is of particular interest because of its application in industrial
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processes such as lyocell process which employs a mixture of NMMO with water at
elevated temperatures.[39] However, the mechanisms governing the dissolution of
cellulose in the mixture of solvents over that temperature range are not well
understood.[40] In particular, the role played by water is widely debated.[41] This forms
the core of the problem discussed in Chapter 3 where the solvation of cellulose in
NMMO, water and an equimolar mixture was investigated using molecular dynamics
simulations. The competition between the NMMO and water molecules to form hydrogen
bonds with hydroxyl groups on a cellulose chain and the spatial details of molecular
arrangements were investigated from pair-wise distribution functions.
III.

INTERFACIAL

ASPECTS

OF

HYDROPHOBICITY

FOR

ENVIRONMENTAL APPLICATIONS
The interfacial activity of colloidal particles has been a subject of interest for over
a century now.[42] The phenomenon where colloidal particles adsorb at the interface and
solubilize immiscible phases with or without the aid of chemical surfactants was
observed by S.U. Pickering, who lends his name to particle stabilized emulsions.[43]
The theoretical basis using the principles of statistical mechanics and colloidal science to
describe the activity of the particle at the interface and stability of emulsions has been
discussed in detail by Partridge et al.[44-45] The interfacial activity of the particles is a
function of its size and the degree of wettability of the particles by two phases. The
macroscopic three-phase contact angle of the particle is equivalent to the hydrophiliclipophilic balance of a surfactant. [46] While the hydrophobic particles preferentially
disperse in oil phase and stabilize water-in-oil emulsions, particles wetted by water form
oil-in-water emulsions. The mechanisms involved in the stabilization of particle based
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emulsions and phase transitions have been extensively discussed by Binks and
coworkers.[47-50] It has been proposed that in the absence of long-range electrostatic
forces, particles stabilize dispersed droplets by providing a steric barrier to coalescence
resulting in the formation of a particle bilayer at the point of contact of droplets and
otherwise by bridging the dispersed droplets.[51]
In recent years, particle stabilized emulsions have been used in novel applications
ranging from synthesis of Janus particles,[52] liquid marbles,[53-54]] colloidosomes,
[55-57] drug delivery [58] and catalysis at interfaces.[59] Recently, particle stabilized
emulsion are being investigated for their applications in the remediation of denser than
aqueous phase liquids (DNAPL) like trichloroethylene (TCE) and creosote.[60-63]
Chapter 4 presents a case where hydrophobic carbon particles were investigated for their
interfacial activity at DNAPL-water interface with the idea of understanding the fate of
catalyst particles used for remediation of TCE.[64-66] These novel carbon particles were
obtained from hydrothermal decomposition of sugar and sugar based materials to produce
monodisperse spheres of controllable size.[67-71]
Chapters 5 and 6 are based on the novel application of hydrophobically modified
biopolymers for oil spill remediation. Chitosan is a polysaccharide obtained from
deacetylation of chitin, the natural constituent of shells of crustaceans. The presence of
amine groups imparts a cationic nature, a pH dependent solubility and an ability to
participate in Schiff-Base chemical reactions.[72-73] Chitosan is hydrophilic and in its
native form has poor interfacial properties. Hydrophobic modification of chitosan by
attaching alkyl residues to the polymer backbone by reductive amination significantly
modifies the interfacial and rheological behavior of chitosan based systems [74-75] and
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imparts

the ability to

non-covalently link

with

hydrophobic surfaces.

The

hydrophobically modified chitosan (HMC) can bridge hydrophobic moieties such as lipid
bilayers and carbon microspheres by anchoring the alkyl residues in them. [76-79]
Chapter 5 presents an extension of this concept to the oil-water interface. HMC is
shown to stabilize dispersed crude oil droplets created by the application of Corexit 9500,
a commonly used chemical dispersant. When low molecular weight HMC (LHMC) is
applied to crude oil droplets dispersed by Corexit, the stability of the emulsion is
improved considerably. Our investigation indicates that it is due to the biopolymer
forming a protective layer around oil droplets and amplifying the steric and electrostatic
barriers to droplet coalescence. When high molecular weight HMC (HHMC) is used, the
biopolymer is able to span oil droplets and tethering them in a gel-like aggregate. The
interfacial aspects of HMC adsorption and potential implications to current remediation
methods are discussed.
In chapter 6, a novel method of using magnetic particles and HHMC for recovery
of oil from a small spill is presented. The ability of HHMC to immobilize oil droplets in
a polymer gel matrix is exploited. Developing a synergistic method based on application
of nonionic surfactants such as Span 80 to corral and thicken a thin sheen of crude oil
followed by application of magnetite-carbon composite particles and HHMC can
facilitate immobilization, sequestration and magnetic tracking of small spill.
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Chapter 1
INVESTIGATING THE STRUCTURE AND STABILITY OF TETRA N-BUTYL
AMMONIUM BROMIDE SEMI-CLATHRATE HYDRATES OF METHANE

1.1

INTRODUCTION
Clathrate hydrates are solid ice-like crystalline structures formed by inclusion of

gas molecules like methane, carbon dioxide, nitrogen etc., in polyhedral cages formed by
water molecules under conditions of high pressure and low temperature. [18] The
hydrophobic interactions between the ‘guest’ gas molecules and the ‘host’ water
molecules help stabilize the cage structure by strengthening the hydrogen bond network
of water.[19] Hydrates of natural gases, especially those of methane, are found in
abundance on earth in the permafrost region and sedimentary rocks along continental
wedges. The global resources of natural gas hydrates are estimated to range from 100,000
to almost 300,000,000 trillion cubic feet (TCF) according to USGS in a report published
in 2001 [80] and about 1019g of carbon is believed to be sequestrated as gas hydrates on
earth.[81] Methane hydrates have been a subject of research for nearly two centuries.
[18] The renewed interest in the study of methane hydrates is due to its application as a
potential energy resource [20] as well as agents for global climate change.[82] Clathrate
hydrates have also been studied as model systems to understand protein denaturation [83]
and their presence in solar system and stellar clusters are of interest to astrobiologists.[84]
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Natural gas hydrates are known to exist in mainly three different allotropes,
namely sI, sII and sH depending on the chemical composition and the thermodynamic
conditions of their formation.[19] Based on the hydration number, these allotropes differ
in the numbers and shapes of the cage structures as discussed in detail in the literature.
[18-19] Methane hydrates primarily exist in the sI structure but transformations in the
structures of methane hydrates due to environmental factors have been observed
experimentally and using simulations. [85-87]
Molecular dynamics simulations [88-90] and Monte Carlo techniques [91-92]
have been employed successfully to study the thermodynamic properties and to predict
phase boundaries and stability of these hydrates under different conditions. Gas hydrates
can include more than one type of guest molecules and each guest preferentially occupies
one type of cage based on its size. Molecular species that have similar geometry and sizes
(CH4, CO2, CF4 etc.,) compete with each other in occupying a particular type of cage and
sometimes facilitate transformation between the allotropic forms. [93] Free energy
calculations show that methane hydrates can have applications in simultaneous methane
recovery and carbon dioxide sequestration.[94-95]
A thermodynamic model to understand the hydrate equilibrium conditions using a
statistical mechanical approach was first proposed by Barrer and Stuart in 1957. [96] A
more accurate and widely used model was later developed by van der Waals and
Platteeuw (vdW-P) in 1959. [97] This model assumes Lennard-Jones-Devonshire type of
interaction between a centrally placed guest molecule and the water molecules smeared
around a spherical shell, and is analogous to a Langmuir isotherm defined for monolayer
adsorption of gases on lattice sites. The Langmuir constant defined in the vdW-P model
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is determined by the internal partition function of the gas molecule and the absolute
activity of the guest molecule. Holder and coworkers have done more precise calculations
for Langmuir constants by using a Kihara-type potential to describe the binary guest-host
interactions.[98] The variation of Langmuir constants obtained from the two methods was
attributed to the effective size and energy parameters of the Kihara potential. [99] A more
classical approach based on the equality of fugacities was proposed by Klauda and
Sandler to accommodate the guest-guest interactions that have a significant effect on the
Langmuir constant, especially for mixed gas hydrates.[100] Monson et al. have shown
that modifying the original vdW-P model by including the long range methane-water
interactions can improve the predictions of the chemical potential for varying hydrate
occupancies.[92]
Semi-clathrate hydrates are a class of inclusion compounds where organic ionic
co-hosts such as quaternary alkyl ammonium halides stabilize the hydrate cages at
temperatures and pressures approaching ambient conditions by integrating into the
clathrate hydrogen-bonding framework, taking the place of one or more water molecules.
[101] While the nitrogen atom and halide ions occupy lattice positions, the alkyl chains
attached to the nitrogen stabilize the water cages by hydrophobic interactions. [102] Tetra
n-butyl ammonium bromide (TBAB) is one such compound that forms stable hydrates at
atmospheric pressure and ambient temperatures. Two different crystal structures of
TBAB hydrates have been determined experimentally. These structures designated as
Type A and Type B are different in the number of water molecules that coordinate with
the tetrabutylammonium ion in a unit cell.[27, 103] The crystal structure of Type B
hydrate as determined by Shimada and coworkers shows a Pmma geometry with the unit
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cell consisting of seventy six water molecules associated with two TBAB molecules, thus
resulting in TBAB to water ratio of 1:38. [27] There are six dodecahedral (512), four
tetrakaidecahedral (51262) and four pentakaidecahedral (51263) cages of water present in
the unit cell. The 51262 and 51263 cages are each occupied by alkyl chains of the centrally
located tetra-n-butyl ammonium cations. Part of the cage structure is broken due to the
presence of the cation resulting in total availability of four 512 cages per unit cell for
occupancy by small gas molecule like methane, nitrogen or hydrogen. The bromide ion is
located in the hydrogen bond framework replacing one of the water molecules from the
site. (Figure 1.1) Due to their reported stability at ambient temperature and pressure these
semi-clathrate hydrates are of special interest for applications in storage of gases, as a
medium for heat transport, and in separation of gases.[24-25]
Although some experimental studies on the phase equilibrium of the semiclathrate hydrates of gases have recently been reported, molecular level understanding of
these systems is scarce.[26, 104-106] The objective of this work is to establish a
molecular basis to study the stability of semi-clathrate hydrates of tetra-n-butyl
ammonium bromide with methane and hydrogen as guest molecules with complete
atomistic details. We investigate the structure and thermo-mechanical properties of semiclathrate hydrates of TBAB over a range of pressure and temperature using molecular
dynamics simulations for different methane occupancy. Free energy of methane
enclathration and the stability of these hydrates were determined by thermodynamic
integration.
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Figure 1.1 Three views of the 2X2X2 super cell of 1:38 TBAB semi-clathrate. Bromide
ions are shown as brown spheres and nitrogen atoms are shown in dark blue. For the
purpose of clarity water molecules are represented as the hydrogen bonds between water
molecules that give rise to the cage structure (red lines). Methane molecules are placed
centrally in the dodecahedral cages.
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1.2

COMPUTATIONAL METHODS

1.2.1

Description of Model and Initial Structure
The initial configuration of the simulation box (shown in Figure 1.1) consisted of

a 2 X 2 X 2 super cell of Type B TBAB hydrate with the spatial coordinates for TBAB
and oxygen atom of water molecules obtained from the x-ray crystallography data
reported by Shimada et al.[27] The four dodecahedral cages per unit cell were singly
occupied by methane molecules with the carbon atom of the methane molecule placed at
the center of the cages. In the subsequent simulations, some cages were left unoccupied,
to investigate the effect of varying the unit cell occupancy on the mechanical and
thermodynamic properties of the semi-clathrate. The four-point potential model
TIP4P/Ice was chosen to describe parameters for water. This model has been shown to
represent the properties of hexagonal ice structures (Ih) better than other four point water
models. [107] The hydrogen atom coordinates of water molecules were assigned under
the constraints of Bernal-Fowler ice rules.[108] The proton disorder was initially
assigned at random with each water molecule forming four hydrogen bonds in space with
its neighboring water molecules. This proton disorder was optimized to a low energy
structure using a Monte-Carlo optimization algorithm. The Generalized AMBER Force
Field (GAFF) was used to describe the interaction of methane and tetra-n-butyl
ammonium (TBA) ion. [109] The bromide ion was modeled using parameters described
in the literature.[110] The partial charges on the TBA ion were obtained using RESP
[111] on a structure optimized using the B3LYP[112-113] method and the 6-31G* basis
set using GAUSSIAN 2003 suite. [114] The partial charges for TBA ion and the methane
are tabulated in Table 1.1 (a) with the corresponding nomenclature shown in Figure 1.2.
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NC4

NC4H

NC3
NC2H

NC2

NC3H
NC1
NC1H
N

MH

MC

Figure 1.2 Nomenclature for atoms of TBA ion and methane molecules
ATOM
NAME
N

PARTIAL
CHARGE
0.0572

NC1

0.0162

NC1H

0.0536

NC2

-0.0048

NC2H

0.0229

NC3

0.0100

NC3H

0.0223

NC4

-0.0973

NC4H

0.0380

MC

0.2972

MH

-0.0743

Table 1.1 Partial charges for the atoms constituting the TBA ion and Methane molecule.
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1.2.2

Simulation Methodology
Isobaric-Isothermal (NPT) molecular dynamics simulations with periodic

boundary conditions were done with the AMBER molecular dynamics software package
version 8.0. [115] Pressure was regulated using Berendsen’s weak-coupling scheme.
[116] Bonds involving the hydrogen atoms were constrained using the SHAKE
algorithm.[117] The Lennard-Jones interactions were calculated within a cut-off distance
of 8 Å and long range electrostatic interactions were evaluated using Particle Mesh
Ewald summation with a tolerance of 1X10-6.[118] MD simulations were done at 10, 120
and 1500 bar over temperature range of 100-300 K for methane-TBAB ratios of 0, 0.5, 1,
1.5 and 2. It was observed that these systems have relaxation times as long as 100 ns. The
NPT simulations were carried out for 150 ns using the Verlet leapfrog algorithm with a
time step of 2 fs to integrate the equations of motion.[2] Temperature scaling was done
using Andersen temperature coupling scheme. Simulation data for the last 20 ns were
used to evaluate the thermodynamic properties.
1.2.3

Free Energy Calculations
The stability of the semi-clathrate with varying unit cell occupancies was

determined by calculating the free energy using thermodynamic integration using
AMBER (v 8.0). The simulations employed a mixed potential determined by a coupling
parameter λ and exponent k defined as
V (λ ) = (1 − λ ) k V0 + [1 − (1 − λ ) k ]V1

(1.1)
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where V0 and V1 are potentials with original and perturbed Hamiltonians respectively.
The free energy of annihilating x out of n methane molecules from a unit cell
successively was calculated by numerically evaluating the integral
1

n→n − x
∆Glattice
=∫
0

∂Velec
∂λ

1

λ

dλ + ∫
0

∂Vvdw
∂λ

dλ

(1.2)

λ

where Velec and Vvdw are respectively the potentials associated with the electrostatic and
van der Waals interactions. The final configurations obtained from the MD simulations
were used as input configurations for thermodynamic integration. The input
configurations were allowed to further equilibrate at varying values of λ from 0 to 0.95,
followed by simulations in NVE ensemble where <∂V/∂λ> was calculated. The value of
<∂V/∂λ> at λ=1 was obtained by linear extrapolation of the <∂V/∂λ> values at λ = 0.90
and λ = 0.95.
The total free energy of removing methane molecules from the cages of semiclathrate hydrate, which theoretically is equal and opposite of the free energy of
enclathration, includes the following free energy contributions –
1. Free energy of deleting methane (ΔGlattice) obtained from thermodynamic
integration.
2. Free energy of expansion of gas molecules (assumed ideal) from clathrate phase
to gas phase given by ΔGexp.
3. Free energy contributions due to interactions between the gas molecules in gas
phase given by ΔGrg.
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4. Energy contributions due to expansion of crystal lattice upon deletion of gas
molecules.
5. Energy required for compressing the crystal back to its initial volume.
The last two contributions negate each other and the resulting contribution was
found to be very small due to low compressibility of the semi-clathrate crystals and
weren’t included in the actual calculation of total free energy.
Although methane behaves similarly to ideal gas at ambient temperature and
pressure it deviates from ideal behavior at the conditions used in our simulations. The
free energy in the gas phase cannot be evaluated by statistical mechanical expressions
available for ideal gas. The non ideality for the methane gas model used in the present
study was evaluated by calculating the virial coefficients at all temperatures of interest.
Compressibility factor Z of a non ideal gas with density ρ at pressure P and temperature T
can be expressed as

Z=

P
= 1 + Bρ + Cρ 2
RTρ

(1.3)

where B and C are the second and third virial coefficients respectively and are
determined by linear fitting of (Z-1)/ρ for varying ρ.
Isotropic NPT simulations of 100 methane molecules in gas phase were carried
out for a pressure range of 60-180 bar and for temperatures in the range of 100-300 K.
The equilibrium densities were obtained by sampling over 200 ns. The experimentally
determined critical temperature for methane molecule is 191 K. Siepmann et al showed
using the Grand Ensemble Monte Carlo method that methane described by OPLS-AA
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force field also corresponds to the same critical temperature.[119] Although critical
parameters for our model were not determined, we observed anomalous behavior at
temperatures below 210 K. The real gas contributions were calculated only for the
temperature range 210-300 K. A correction to free energy of the real gas in an NVE
ensemble could be calculated by
P

RT
)dP
P

(1.4)

RTB RTC
+
)dP
VP V 2 P

(1.5)

∆Grgc = ∫ (V −
0

P

∆Grgc = ∫ (
0

The free energy contribution for expanding an ideal gas from a density in clathrate phase
ρc to a density in gas phase ρg determined by MD simulations of methane is given by

 ρg
∆G exp = RT ln
 ρc






(1.6)

Thus the total free energy of deleting the methane molecule from the dodecahedral cages
can be calculated as
∆Gtot = ∆Glattice + ∆Grgc + ∆Gexp

(1.7)

1.3

RESULTS AND DISCUSSION

1.3.1

Structure of Semi-Clathrate Hydrates
The radial distribution function (RDF) for oxygen pairs of water molecules in

Type B semi-clathrate simulated at 240K and 120 bar are shown in Figure 1.3. The
oxygen-oxygen RDF shows distinct crystalline order with peaks at 2.67 Å, 4.53 Å, 6.50
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Å, 8.82 Å and 10.73 Å. The ratio of the distance for the secondary to primary peak is
1.637 which is in good agreement with the ratio of 1.633 expected for perfect tetrahedral
ordering. In contrast, the RDF for liquid water at ambient conditions exhibits a secondary
to primary peak ratio of 1.618, indicating imperfections in the tetrahedral structure, and
less well defined peaks with increasing distance.
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Figure 1.3 Radial Distribution Function for oxygen pairs of water molecules in semiclathrate hydrate at 240 K and 120 bar and in liquid water.
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Figure 1.4 Radial Distribution Functions between nitrogen pairs of TBA ion and
Bromide ion pairs in Semi-Clathrate Hydrate at 240 K and 120 bar.
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Figure 1.5 Radial Distribution Functions between carbon pairs of methane molecules in
Semi-Clathrate Hydrate at 240 K and 120 bar. The dotted line shows radial distribution
between carbon atoms of methane molecules with terminal alkyl carbons of TBA ions.
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The nitrogen-nitrogen and bromide-bromide RDFs for simulations done at 120 bar
and 240 K with 4 methane molecules in a unit cell are shown in Figure 1.4. The peaks of
these RDFs closely coincide with each other and reflect the underlying unit cell
dimensions. In particular, the first peak at 10.45 Å corresponds to half the unit cell
dimension in the x direction (Figure 1.1) as a result of the two TBABs within the cell
being aligned along the x-axis. The next two peaks at 12.225 Å and 12.605 Å reflect the z
and y lattice dimensions of 12.018 and 12.643, which are nearly coincident and result in a
split peak. The RDFs for the nitrogen pairs confirm that the nitrogen atoms of TBA ions
are anchored at their original crystal position. The position of bromide in the original
crystal lattice was initially complimentary to nitrogen owing to the Pmma geometry of
the unit cell. The bromide ion RDF does not mirror the nitrogen RDF indicating that
some bromide ions have evacuated their host positions, leaving behind crystal defects.
The cage geometry is not altered by the movement of the bromide, however, as indicated
by the oxygen-oxygen RDF in Figure 1.3.
The RDF for carbon atom pairs of methane molecules for semi-clathrate hydrates
at 120 bar and 240 K is shown in Figure 1.5. The methane molecules were placed
centrally in the cage in the starting configuration. The RDF shows peaks at 6.045 Å,
10.435Å and 12.145 Å corresponding to the distance between centers of the dodecahedral
cages at 6.009 Å, 10.53 Å and 12.124 Å respectively. The RDF between the methane
carbon and water oxygen pairs shows that the guests are well isolated within a welldefined, dodecahedral shell of 20 waters molecules enclathrating each guest.
The RDF of methane with the terminal methyl unit of TBAB shows a peak at 7Å,
indicating that the methane molecules are isolated in separated cages from the butyl
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chains of TBAB. The TBAB butyl chains strongly prefer to be in the extended trans
conformation, as indicated by the dihedral angle distribution at 120 bar and 240K (Figure
1.6). At 270K the fraction of the extended conformation is 94% (Fig. 1.7), greater than
that of butane in the gas phase at room temperature which is approximately 69%. [120]
The energy the trans conformation is approximately 0.6 kcal/mol lower than that of
gauche. As the temperature drops, the trans conformation becomes even more preferable,
such that at the lowest temperature simulated there are essentially no gauche conformers.

3.0

trans
2.5

Probability

2.0

1.5

gauche

1.0

gauche

0.5

0.0
0
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120

180

240

300

360

Phi

Figure 1.6 Dihedral angle distributions for butyl chains attached to TBA ions in semiclathrate hydrate for simulations at 120 bar and 240 K
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Figure 1.7 Effect of temperature on the population of trans conformations of butyl chains
attached to TBA ions in semi-clathrate hydrate for simulations at 120 bar
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Figure 1.8 Effect of temperature on the unit cell volume of semi-clathrate hydrates of
TBAB with 4 methane molecules per unit cell.
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No. of
methane Temperature
per unit
(K)
cell

Pressure
(bar)

a (Å)

b (Å)

c (Å)

Unit Cell
Volume (Å3)

0 (Exp)

93.1

1.0

21.060

12.643

12.018

3199.00

0

100

120

20.797

12.678

11.851

3124.87±0.11

4

100

10

20.686

12.499

12.129

3136.06±0.09

4

100

120

20.675

12.493

12.123

3131.02±0.09

4

100

1500

20.603

12.449

12.080

3098.46±0.22

Table 1.2 Unit Cell Parameters of TBAB semi-clathrate hydrate at 100 K

Pressure (bar)

αx (x105 K-1)

αy (x105 K-1)

αz (x105 K-1)

α (x104 K-1)

10

6.957

6.950

6.949

2.083

120

6.950

6.955

6.956

2.085

1500

6.371

6.373

6.377

1.909

Table 1.3 Isothermal compressibility for TBAB semi-clathrate hydrates with 4 methane
molecules per unit cell along the three lattice dimensions.
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1.3.2

Effect of Temperature - Thermal expansion coefficient
Figure 1.8 shows the effect of temperature on the unit cell volume of the semi-

clathrate crystal with methane occupancy of four methanes in a unit cell at pressures of
10, 120 and 1500 bar. The crystal shows a linear increase in the unit cell volume with the
increase in temperature. Investigation of thermal expansion coefficient in each lattice
dimension shows an isotropic expansion of crystal with increase in temperature as
tabulated shown in Table 1.3. The overall thermal expansion coefficient for TBAB semiclathrate with four methane molecules per unit cell at 120 bar is 21x10-5 K-1 which is
higher than the expansion coefficient of 44x10-6K-1 for sI methane hydrates in the same
temperature range.[121] The unit cell volumes of the semi-clathrate hydrates determined
at 100 K are shown in Table 1.2. The simulations underestimate the unit volume by only
2% when compared with those obtained from X-Ray crystallography at 93 K.[27]
The isothermal compressibility of TBAB semi-clathrate crystal with 4 methane
molecules per unit cell, as determined from simulation volume fluctuations, is in the
range 3.5x10-7–2.5x10-6 bar-1 over the temperature range 100-300 K. The compressibility
of water at 298 K is 4-5x10-5 bar-1, indicating the semi-clathrate is fairly incompressible.
The compressibility of semi-clathrate hydrate increases linearly, although modestly, in
the temperature range 100-240 K (Figure 1.9). We observed a threefold increase in the
compressibility as the temperature approaches 300 K suggesting the crystal becomes
increasingly labile beyond its experimental melting points of 290-91 K.[104]
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Figure 1.9 Effect of temperature on the isothermal compressibility of TBAB semiclatharate hydrates with methane occupancy of 4 per unit cell.
No. of
methane
per unit
cell

Temperature
(K)

Pressure (bar)

κ (x107 bar-1)

0

100

120

4.10

1

100

120

3.75

2

100

120

3.79

3

100

120

4.23

4

100

120

3.61

Table 1.4 Isothermal compressibility of unit cells at 100 K and 120 bar for different
methane content.
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Figure 1.10 Radial Distribution Function for Methane-Methane pairs of different unit
cell occupancy at 120 bar and 300 K
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Figure 1.11 Radial Distribution Function for oxygen pairs of water molecules in semiclathrate hydrate of different unit cell occupancy at 120 bar and 300 K
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1.3.3

Effect of Methane Occupancy

Figure 1.10 shows the RDF for the methane molecules at 120 bar and 300 K for different
unit cell occupancies of methane molecules. For a fully occupied unit cell, the RDF has
distinct peaks at 6.05 Å and 10.35 Å. It can be inferred that the methane molecules are
confined to the cages and do not migrate across the cage. However, the methane
molecules are not always at the center of the cage as is demonstrated by the broadening
of the peak. The corresponding RDF for water oxygen pairs (Figure 1.11) shows that the
crystal structure of fully occupied semi-clathrate is preserved at 300 K. The RDFs
confirm that for unit cell occupancies of 2 and 1, the crystals start to melt and methane
molecules aggregate. The RDF for unit cell occupancy of one methane molecule per unit
cell is representative of hydrophobic effect and compliments the oxygen-oxygen RDF at
corresponding conditions (Figure 1.11). We deduce from these simulations that at higher
temperatures the structure of the semi-clathrate hydrates is most stable when all the cages
in a unit cell are occupied. At lower temperatures the configurations corresponding to the
unit cell occupancies of 2 and 1 are stable at the pressure of 120 bar. This is also evident
from the isothermal compressibility of the unit cell at 100 K for varying methane content
as shown in Table 1.4.
1.3.4

Free Energy Calculations
The stability of the partially filled semi-clathrates was assessed by successively

deleting one methane molecule at a time from a unit cell and calculating the lattice free
energy using thermodynamic integration. Free energy as a function of temperature in
Figure 1.12 shows linear behavior and suggests the absence of temperature effects on
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specific heat. The entropic contribution of deleting a methane molecule as derived from
the slope of the linear curve was 19.5 kcal/mol and associated enthalpic contribution was
5.5 kcal/mol. Conversely, the enclathration of methane in these cavities is
thermodynamically favorable and is dictated by entropy as is common with hydrophobic
hydration. The difference in free energy of deleting methane between the successive steps
is very small and negligible within the statistical error of determination of lattice free
energies. In other words, the deletion of a methane molecule from a unit cell is
independent of the occupancy of the other cages of the unit cell. This suggests that the
interactions between methane molecules are minimal and are screened efficiently by the
host molecules. The adsorption of methane in these cages is suggested to be akin to the
Langmuir type adsorption of gases on a lattice surface. The evaluation of total free
energy as described in section 1.2.3 shows that the free energy of deleting methane is
positive over the range of temperatures and pressure considered in this study. Table 1.5
shows the total free energy associated with deleting methane molecules from the unit cell
of TBAB semi-clathrate at 120 bar and 240 K. The total free energy associated with
deleting methane molecules from their lattice sites becomes increasingly positive with the
increase in successive deletion from the unit cell. Conversely, the enclathration of
methane is increasingly favorable with increasing content of methane in the unit cell.
This is agreement with the results obtained from the radial distribution functions and
isothermal compressibility of semi-clathrate crystals for varying methane content.
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Figure 1.12 Lattice free energy of successively removing the methane molecules from
unit cell of semi-clathrate hydrates at 120 bar as a function of temperature.

No. of methane
deleted/unit cell

ΔGlattice
(kcal/mol)

ΔGexp
(kcal/mol)

ΔGrgc
(kcal/mol)

ΔGtot
(kcal/mol)

1.0

6.87 ± 0.80

1.29

-0.14

8.02 ± 0.80

2.0

13.41 ± 1.13

0.97

-0.14

14.24 ± 1.13

3.0

22.13 ± 0.92

0.78

-0.14

22.77 ± 0.92

4.0

32.46 ± 0.69

0.64

-0.14

32.96 ± 0.69

Table 1.5 Total free energy associated with deleting methane molecules from the unit
cell at 120 bar and 240 K
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1.4

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK
The structure of Type B TBAB semi-clathrate with methane as guest molecules

was preserved in the MD simulations where TBAB and methane parameters were
described by Generalized Amber Force Field and water parameters were described using
the TIP4P/Ice model. Thermo-mechanical properties such as isothermal compressibility,
coefficient of thermal expansion and unit cell volumes were determined for a range of
temperature and pressure. These results were found to be in good agreement with the
experimental data available. The melting of a fully occupied crystal at a temperature of
300K and 120 bar as predicted by the simulations was concurrent with experimental
studies on methane semi-clathrates that show the melting point of these methane semiclathrares at 295 K at 115 bars. [104] Based on the free energy calculations we propose
that the stability of the semi-clathrate hydrate is enhanced by enclathration of methane at
120 bar. Interactions between methane molecules are screened effectively when the cages
are singly occupied. Adsorption of methane in TBAB semi-clathrate could possibly be
modeled using Langmuir type model.
TBAB semi-clathrates have been studied for storage of hydrogen gas.[23] Based
on the success of the atomistic model used in this study, we recommend that the
thermodynamics of enclathration of the hydrogen molecules can be studied using these
classical simulations. Due to the smaller size of hydrogen molecules, more than one
hydrogen molecule can be included in the dodecahedral cages. Preliminary studies
suggest that while the structures of cages are preserved at ambient temperature of 300 K,
hydrogen molecules were able to diffuse across the cages and infiltrate the larger cages
occupied by the butyl chains.
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Chapter 2
WETTING BEHAVIOR OF CRYSTALLINE CELLULOSE SURFACES

2.1

INTRODUCTION
Cellulose is one of the most abundant natural biopolymer constituents of the cell

wall of plant cells.[30, 122] Structurally, cellulose consists of linear chains of D-glucose
units connected by glycosidic bonds to form polymeric chains through a condensation
reaction.[30] The hydroxyl groups on one polymer chain hydrogen-bond with other
chains to form a robust, water insoluble crystalline structure. Several cellulose crystal
polymorphs are present in the nature, with the Iα and Iβ allomorphs constituting the
dominant structures.[28, 30] The Iα allomorph is usually present in lower plant cells and
algae, while the Iβ allomorph constitutes the secondary wall of cotton fibers and higher
plants.[28] The crystal structure for Iβ cellulose was obtained by Nishiyama et al. in 2002
using X-ray and neutron diffraction.[29] At room temperature and ambient humidity
cotton contains ~5 wt% water. Studies have shown that moist cotton fibers containing 710 % water are stronger than dry fibers (< 5%).[28, 123] Cellulose is hydrophilic and the
greater tensile strength of the wet fiber is attributed to the increase in hydrogen-bonding
between the cellulose chains in the presence of water. However, high water content is not
commercially desirable since cotton is sold by weight. High moisture promotes bacterial
growth that degrades the quality of cotton fibers. Recently, cotton garments have been
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chemically modified by etherifaction or esterification to provide moisture management in
sports garments.[28]
Cellulose nanocrystals have garnered attention as potential biomaterials used as
composites with other polymers.[30-31] Compatibilization of cellulose nanofibers in nonpolar polymer blends requires hydrophobic modification of cellulose usually achieved by
substituting hydroxyl groups by hydrophobic moeities.[31-32, 124] The glucopyranose
monomer is hydrophilic in the equatorial direction since all the three hydroxyl groups are
located at the equatorial positions, Along the axial direction the ring contains the
hydrophobic C-H groups. This results in the intrinsic structural anisotropy of the
cellulose monomer. The orientation of the cellulose chains in the cellulose Iβ allomorph
presents the equatorial hydroxyl groups along the (110) surface and the axial C-H groups
along the (100) surface.[29] Consequently, the (110) crystal plane is relatively more
hydrophilic when compared to the (100) plane.[32] However, the interaction of water
with crystal faces of the cellulose is not fully understood. Measurements of the contact
angle of water and non-polar solvents on surfaces of regenerated cellulose[32] and
hydrophobically modified cellulose[125] provide indirect evidence of the anisotropy in
the surface energies of different crystal planes of cellulose. However, contact angle is a
macroscopic property whose precise value is obscured by factors such as surface
roughness, liquid absorption, and subsequent swelling of the nanocrystalline films.[35]
Molecular dynamics (MD) simulations[2, 126] provide a potentially effective tool
to map the interactions of cellulose and hydrophobically modified cellulose surfaces with
water.[36, 127-132] Mazeau and Rivet found from MD simulations of water on cellulose
Iβ crystals that the (100) surface was hydrophobic with a contact angle greater than 90°,
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whereas the (110) surface was hydrophilic with a contact angle less than 90°.[33] The
contact angles, however, were significantly extrapolated to infinte time from nonequilibrium simulations of droplet spreading that had not yet reached a clear asymptote.
Experimental studies on the dynamic wetting of cellulose nanofibers, on the other hand,
show that the contact angle of a water droplet can take times on the order of seconds to
equilibrate.[31] This work aims to investigate the wettability of (110) and (100) crystal
surfaces of cellulose Iβ by water using MD simulations. To elucidate the differences in
the exposure of the hydroxyl groups by the (110) and (100) surfaces we substitute the
hydroxyl groups on the cellulose monomers with model hydrophobic groups. Two
hydrophobic groups (-CH3) and (-O-CH3), with relative differences in their
hydrophobicities, were chosen to substitute hydroxyl groups on the native cellulose
monomer. We evaluate the contact angles of hemi-cylindrical water droplets on
unmodified and hydrophobically modified (110) and (100) crystal surfaces. We
hypothesize that the differential exposure of hydroxyl groups on the (110) and (100)
surfaces will result in distinct wetting anisotropy between the crystal faces upon
hydrophobic substitution.
2.2

SIMULATION METHODOLOGY
MD simulations were performed using GROMACS 4.0 software package. [133]

GLYCAM-06 empirical force field [134-135] parameters were used to describe cellulose
and the TIP4P-Ew model [136] was used to define water. The Lennard-Jones interactions
were determined within a cut-off distance of 10 Å using Lorentz-Bertholet combination
rules and the long range electrostatic interactions were evaluated using the particle mesh
Ewald method. [137-138] Heavy atoms present on the glucopyranose ring (C1-C5 and
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O5) and the glycosidic oxygen (O4) were position-restrained with a force constant of
1000 kJ mol-2 nm-1 to reduce the computational expense of the simulation. Energy
minimization was carried out using the steepest descent algorithm with the criterion that
the derivative of the potential energy should be lower than 100 kJ mol-1 nm-1. Each
system was equilibrated for 2 ns in the isochoric-isothermal (NVT) ensemble followed by
a production run for 50 ns at 300 K using Nosé-Hoover [139-140] thermostat to
determine average properties. The equations of motion were integrated with a time step
of 2 fs. Bonds involving hydrogen atoms were constrained using the LINCS
algorithm.[141] Periodic boundary conditions on the simulation box were applied in X
and Y directions to simulate an infinite surface and an infinite hemi-cylindrical water
droplet. Along the Z axis normal to the surface, the evaporation of water droplet was
prevented by the presence of a repulsive wall defined by a 10-4 potential at a distance 50
Å from the top layer.
Model (110) and (100) surfaces of the cellulose Iβ crystal allomorph were
generated from the crystallographic data reported by Nishiyama and coworkers.[29] The
model surfaces consisted of three layers of 10 cellulose chains. Each cellulose chain
consisted of 10 glucose monomers. The dimensions of the (110) surface were 59 Å by 54
Å and those of the (100) surface were 81 Å by 51 Å. Five hundred water molecules were
packed in a cuboidal box using AMBER Tools 1.5 [142] and placed centrally along the
cellulose chain axis at a distance of 3 Å from the surface. The width of the water box
along X axis was equivalent to the length of 4 monomer units and the length along Y axis
was equivalent to the length of 10 monomer units (Figure 2.1).
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a)

b)

c)

Figure 2.1 Snapshots from the NVT simulation of water droplet on model crystalline
cellulose surfaces showing the front and top views of the simulation box. Only the
surface layer of the cellulose surface is shown and hydrogen atoms are not shown for the
purpose of clarity. (a) Complete wetting of the unmodified (110) surface. (b) Cylindrical
shape of the water droplet on the (110) crystal surface modified with methyl (-CH3)
groups. (c) Droplet profile on the (100) crystal surface modified with methyl (-CH3)
groups.

40

C7

O6
C6
O4
C5
C4
O3

O5

C3
C1
C2

C9

O2

C8

(a)

C6
C7

O4
C5
C4
O5
C3
C9

C1
C2
C8

(b)
Figure 2.2 (a) Nomenclature for the heavy atoms of cellulose monomer with methyl (CH3) group substitution (b) methoxy (-O-CH3) group substitution. The monomers are
electrically neutral. Aliphatic hydrogen atoms do not carry any partial charge in
GLYCAM 06 FF and are not shown for purpose of clarity.
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ATOM

PARTIAL

NAME

CHARGE

C1

0.132

C2

0.121

C3

0.076

C4

0.123

C5

0.184

O4

-0.220

O5

-0.389

C6

0.078

C7

-0.026

C8

-0.049

C9

-0.030

Table 2.1(a) Partial charges on the heavy atoms of cellulose monomer with methyl (CH3) group substitution. The monomer is electrically neutral. Aliphatic hydrogen atoms
do not carry any partial charge in GLYCAM 06 FF.
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ATOM

PARTIAL

NAME

CHARGE

C1

0.384

C2

0.31

O2

-0.476

C3

0.284

O3

-0.471

C6

0.282

O6

-0.457

C4

0.276

O4

-0.468

C5

0.225

O5

-0.471

C7

0.194

C8

0.194

C9

0.194

Table 2.1 (b) Partial charges on the heavy atoms of cellulose monomer with methoxy (O-CH3) group substitution. The monomers are electrically neutral. Aliphatic hydrogen
atoms do not carry any partial charge in GLYCAM 06 FF.
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The top layer of cellulose in contact with water was hydrophobically-modified by
substituting either a methyl (-CH3) or methoxy (-O-CH3) group in place of the hydroxyl
(-OH) groups at the C2, C3 and C6 positions of the native monomer. The subsurface
layers were left unmodified.The partial charges on the hydrophobic monomers were
calculated as described by Woods and coworkers [134-135] for geometries optimized
using Gaussian 03 with the B3LYP density functional and correlation consistent
polarized basis set cc-pVTZ [143]. The charge derivation at HF/6-31G* level was done
by RED-III [144] implementation of the restricted electrostatic potential (RESP) [145]
with a weighting of 0.01, constraining the charge on all aliphatic hydrogen atoms as zero.
The partial charges on the hydrophobic monomers are provided in the Table 2.1 (a-b) and
the corresponding nomenclature in Figures 2.2 (a-b). Simulations were performed on 10
different systems (Table 2.2) consisting of chemically homogeneous (100% substitution
of native cellulose monomer by hydrophobic monomers) and heterogeneous (50%
substitution) surfaces. In the case of the partially modified surface, alternate monomer
units on the cellulose chain were hydrophobically modified yielding a chessboard type of
pattern.
2.3

RESULTS AND DISCUSSION
In our simulations of water on native (110) and (100) surfaces, we observe

complete wetting of both unmodified crystal faces with contact angles of 0°. Snapshots of
water on the unmodified (110) surface are shown in Figure 2.1(a). Our results differ from
the finite contact angles observed in the simulations of Mazeau and Rivet.[33] Their
reported contact angles, however, were extrapolated from non-equilibrium simulations
that showed continuously decreasing angles over the entire simulation time with an
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uncertain asymptote. Our results are in agreement with contact angle measurements of
water on unmodified cellulose nanofibers and cellulose films.[31, 35] No significant
quantitative differences were observed between the wetting of unmodified (110) and
(100) crystal surfaces.
Hydrophobic modification of the cellulose crystal faces by methyl substitution of
the exposed hydroxyl units significantly alters the surface wetting. Figures 1(b) and 1(c)
show simulation snapshots of the water on the methylated (110) and (100) surfaces. In
this case, water adopts a hemi-cylindrical shape as a result of increase in the liquid-solid
surface energies of the (110) and (100) surfaces. The time averaged water drop contour
along the cylinder axis for the hydrophobically-modified (110) crystal surface is shown in
Figure 2.3. The contour shown in the figure represents the dividing surface where the
water density is equal to half the bulk value. Hydrophobic modification results in the
change in the shape of the drop profile from flat profile to a circular shape. Contact
angles were obtained by fitting a circle to the dividing contour and determining the angle
made between the tangent and cellulose surface plane at the point of intersection (Figure
2.3 inset).[146] The time-averaged contact angles evaluated on the model cellulose
surfaces are listed in Table 2.2. The contact angles are reported as an average of the
values from the left and right three phase contact edges, which are the same within the
simulation error.
The differences in the wettability of the (110) and (100) surfaces become more
apparent upon hydrophobic substitution as indicated by the differences in the contact
angle of the water drop on these surfaces. Methylated (110) surface was relatively more
hydrophobic with a contact angle of 106o when compared with the (100) surface yielding
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a contact angle of 85o. This correlates with the greater exposure of the hydroxyl groups
on the (110) surface as opposed to (100) surface.
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Figure 2.3 Contour plots showing the cross-sectional contours of the water droplet on the
hydrophobically modified (110) surface. The density of the water droplet is half the bulk
density along the isochoric profiles. The filled circles correspond to the surface with (CH3) substitution and the empty circles correspond to the surface with (-O-CH3)
substitution. Inset shows the evaluation of contact angle by fitting a circle to the droplet
profile and drawing a tangent at the contact point of the circle and surface.
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Figure 2.4 Density profile of water along the axis normal to the surface passing through
center of the mass of the droplet. The vertical axis represents the density of water relative
to its bulk density. The solid lines correspond to the (110) surface and the dotted line
corresponds to the (100) surface.
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TYPE OF SURFACE

AVERAGE CONTACT ANGLE

Native (110)

0o

(110) with 100% –CH3 substitution

105.7 o ±2.9

(110) with 100% –O–CH3 substitution

80.4 o ±2.9

(110) with 50% –CH3 substitution

50.3 o ±0.4

(110) with 50% –O–CH3 substitution

0o

Native (100)

0o

(100) with 100% –CH3 substitution

85.6 o ±1.6

(100) with 100% –O–CH3 substitution

76.8 o ±1.7

(100) with 50% –CH3 substitution

41.1 o ±0.8

(100) with 50% –O–CH3 substitution

33.9 o ±1.7

Table 2.2 Time-averaged contact angles of cylindrical water droplet on different
crystalline cellulose surfaces evaluated by fitting circle to the equimolar isochoric profile.
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Hydrophobic substitution of the hydroxyl groups renders the (110) surface more
hydrophobic that (100) surface. Contact angle of water droplet on the (-O-CH3)
substituted (110) surface was obtained as 80o which is in the hydrophilic regime. The
lower contact angle on methoxylated surface is due to the ability of water molecules to
hydrogen bond with the –O-CH3 group. The contact angle obtained on the (-O-CH3)
substituted (100) surface was 77o. When the surfaces were partially substituted (50%)
with the hydrophobic moieties, the relative differences between the (110) and (100)
surfaces could be seen more clearly. The contact angle of cylindrical water drop on a
partially methylated (110) surface was evaluated as 50o whereas for (100) surface it was
41o. Interestingly, partial methoxyation of (110) surface resulted in complete spreading of
the water droplet. However, partial methoxyation of (100) surface yields a contact angle
of 33o. This observation highlights the inherent relative hydrophobic nature of the (100)
surface.
The vicinal density profiles of water along the axis normal to the surface passing
through center of the mass of the droplet are shown in figure 2.43. The density profiles
for the (110) surface show stronger primary and secondary peaks, corresponding to the
first and second solvation shells, when compared to the (100) surface. Although, the
vicinal density profiles of the water droplet do not correlate with the macroscopic
behavior on the surface[127] they highlight the differences in the way water molecules
are stacked adjacent to (110) and (100) surfaces.
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2.4

CONCLUSIONS
We have demonstrated, using MD simulations, that the structural asymmetry of

the cellulose monomer results in anisotropic wetting of the crystalline (110) and (100)
surfaces of cellulose Iβ due to the differential exposure of hydroxyl groups. Although the
unmodified (110) and (100) surfaces are completely wetted by water, the hydrophobic
modification of the surfaces clearly indicates that the (110) surface has a greater exposure
of hydroxyl groups when compared to the (100) surface. Substituting hydroxyl groups
with methyl and methoxyl groups renders (110) surface more hydrophobic when
compared to the (100) surface.
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Chapter 3
SIMULATION STUDIES OF SOLUBILITY OF CELLOHEXAOSE CRYSTALS
IN WATER AND ALIPHATIC N-OXIDES
3.1

INTRODUCTION
Solubility of cellulose has been a subject of interest to researchers for a long time

due to applications

in synthetic rayon production, biofuels and composite

biomaterials.[28, 34, 122] Cellulose has very limited solubility in water and most organic
solvents, but is soluble in tertiary N-oxides like N-methylmorpholine-N-oxide (NMMO)
and binary mixtures of NMMO and water.[123] In recent years, ionic liquids have been
shown to have potential in dissolution of cellulose. Solubility of cellulose in aliphatic Noxides is widely exploited in industrial processes such as the lyocell process which
employs a mixture of NMMO with water at elevated temperatures to dissolve cellulose.
[39] Lyocell process does not require derivatization of cellulose and most of the solvent
is completely recycled making this process more attractive over the traditional viscose
processes for rayon production. The development of Lyocell process is based on the work
of Chanzy et al.[38] In a typical industrial process, cellulose is added to a mixture of
NMMO and water resulting in a slurry containing 50-60% (w/w) NMMO, 20-30% (w/w)
water and 10-15% (w/w) cellulose pulp. Following evaporation of water, a typical
composition consisting of 76% (w/w) NMMO, 14% (w/w) cellulose and 10% (w/w)
water is reached where dissolution of cellulose is achieved. The final product i.e. the
regenerated cellulose fibers are obtained by mechanical extrusion at 343-393 K.[39]
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O8

O2N
Figure 3.1 Structure of N-Methylmorpholine-N-oxide (NMMO). The oxygen atom
constituting the polar N-O bond is designated as O2N and the oxygen atom in the
alicyclic ring is designated O8.

NMMO is a cyclic, aliphatic tertiary amine oxide, where nitrogen is present in the
alicyclic ring (schematically shown in Figure 3.1).[39]

The nitrogen atom is sp3

hybridized and is linked to an oxygen atom by a coordinate-covalent bond. This highly
polar bond makes with a dipole moment of 4.38 mD makes NMMO thermally labile,
hydroscopic and a strong oxidation agent.[147] The crystal structures of anhydrous
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NMMO and its stable hydrate forms namely monohydrate (NMMO.H2O) and
disequihydrate (NMMO.2.5 H2O) are known. [148-150] NMMO has a chair
conformation with an axial N-O bond in both anhydrous and monohydrate forms. It
should be noted that the presence of water as hydrates in NMMO depresses the melting
point significantly. [148-150]
The dissolution of cellulose in NMMO and its binary mixtures is a
physicochemical process involving breaking and restructuring of hydrogen bonds.[39]
The mechanisms of dissolution of cellulose in binary mixtures of NMMO and water have
been investigated using quantum mechanical and molecular dynamics simulations.[151152] The solubility of polysaccharides is influenced by several factors such as degree of
polymerization, temperature etc.[153] It is commonly believed the ability of the solvent
molecules to form hydrogen bonds with the lyophilic hydroxyl groups and to disrupt the
intra-molecular hydrogen bonds responsible for stabilizing the crystal structure are
largely responsible of the dissolution.[154] However, based on the aqueous insolubility
of cellulose there are differing opinions in the literature on the role of water.[41, 155]
Lindman et al. recently noted that solubility of cellulose in amphiphilic solvents such as
NMMO may be attributed to the amphiphilic nature of cellulose itself.[40] It was also
suggested that hydrophobic interactions between the solute and solvent molecules can
play a significant role in an entropically driven process.[40] The composition of the
solvent mixture is critical to the dissolution of cellulose. While NMMO and its
monohydrate form are able to dissolve cellulose, the disequihydrate is unable to do so. It
has been suggested that the water molecules compete with cellulose hydroxyl groups in
forming hydrogen bonds with the polar oxygen atom of NMMO.[150]
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In this work, we attempt to obtain a better understanding of the interactions of
cellulose molecules with NMMO and water molecules through molecular simulations.
We simulated hexamer molecules of cellulose Iβ in three different systems. The systems
designated as System I consisted of 4 cellohexaose molecules solvated with 800 NMMO
molecules. System II consisted of 4 cellohexaose molecules solvated with 800 water
molecules and System III contained 4 cellohexaose molecules in an equimolar mixture of
NMMO and water with 400 molecules of each. The initial structure of cellohexaose
molecules and their spatial arrangement were based on the crystallographic data of
Nishiyama et al.[29] (Figure 3.2) An all-atom description for all molecular species was
employed in the current study. It should be noted that these model systems do not
correspond to the experimental structure of cellohexaose and the behavior of
cellohexaose monomer is expected to be different from the polymer. These model
systems were devised based on computational constraints to obtain insights into the
interaction of hydroxyl groups of cellulose monomer with the solvent molecules.
3.2

COMPUTATIONAL METHODS
The initial crystal lattice consisting of 2X2 chains of Iβ cellulose containing six

residues each based on the structure determined by Nishiyama et al. [29]was packed with
800 solvent molecules using the PACKMOL program[156] in 60 Å X 60 Å X 60 Å box.
Empirical parameters based on GLYCAM-06 force field were used to describe the
cellulose molecules.[134, 157] N-methyl morpholine oxide (NMMO) molecules was
modeled using parameters were described by Kast et al.[158] This force field model is
similar to CHARMM in its functional form and employs a Urey-Bradley parameter to
describe the angles. [159] The condensed phase properties derived using the potential
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function have been shown to be in good agreement with the experimental data. The force
field parameters have recently been used to study cellulose solvation in NMMO.

2
1
4
Z

X

Y

3

X

Z

Y

Figure 3.2 Orthogonal perspectives of cellohexaose crystallite used as initial
configuration of simulations. Hydrogen atoms on cellohexaose are not shown in the
licorice representation of cellohexaose crystallite for the purpose of clarity.
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Water molecules were modeled using a TIP4P-Ew potential model.[136] The
topology and coordinate files were prepared using the LEAP program in AMBER
molecular dynamics suite [142] and were transferred to GROMACS 4.05 program [133]
using ffamber ports created by Pande and Sorin.[160-161]
Energy minimization was done using the steepest descent algorithm for 10000
steps.[2, 126] Isobaric-isothermal simulations were carried out at 1 bar and 363.15K with
periodic boundary conditions.[2, 126] The simulation box was allowed to equilibrate for
1 ns. The electrostatic interactions were evaluated using a Particle Mesh Ewald
method.[137-138] The cut-off distance for non-bonded interactions was 13 Å. Long
range corrections for energy and pressure was included. All the bonds involving
hydrogen were constrained using the LINCS algorithm.[141] The system was relaxed for
50 ns and data sampled every 0.5 ps following equilibration by integrating Newton’s
equations of motion over a time step of 1 fs.[2, 126] Parrinello-Rahman barostat
[162]was used to maintain the pressure, and temperature was kept constant using a
velocity rescale thermostat.[163] VMD was used to visualize the simulation
trajectories.[164]
3.3

RESULTS AND DISCUSSION
In the scope of the time scale of simulations in the current study, we did not

observe the dissolution of cellohexaose crystal in System I (pure NMMO) and System III
(equimolar mixture of NMMO and water). Figure 3.3 (A-C) shows a snapshot of the
simulation box containing cellohexaose crystallite in pure NMMO, water and in the
equimolar mixture at the end of 50 ns NPT simulation. In System II (pure water) the
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crystal broke in pairs of two cellohexaose chains. Degree of polymerization (DP) affects
the solubility of polymers. Cellohexaose has a certain limited solubility in water at
elevated temperatures. Based on the phase diagrams of the ternary systems containing
cellulose, NMMO and water, the compositions of system do not correspond to the
regions of solubility of the medium DP cellulose in pure NMMO and equimolar
mixtures.[165] Also, it should be noted here that melting point of NMMO is 457 K and in
simulations (not discussed in this paper) carried out at 523 K, the cellohexaose crystal
were completely dissolved. These observations should not to be interpreted as replication
of experimental results. The objective of this study is to obtain insights into spatial
arrangements and interaction of solvent molecules with cellulose that dictates the
physical aspects of dissolution process.
3.3.1

Validation of solvent models
The GLYCAM-06 force field parameters were optimized employing a three point

TIP3P water potential to reconcile experimental NMR results for the O5-C5-C6-O6
dihedral angles. The TIP3P water model performs poorly to reproduce the experimentally
determined properties of water such as density maximum and melting point. We have
used a four-point potential model TIP4P-Ew in our simulation. This water model is
increasingly being used to study the solvation behavior of biomolecules. In order to
validate the efficiency of the water model in determining cellulose properties, a single
glucose monomer was solvated in 400 water molecules. Two separate NPT simulations
where water molecules were described by TIP3P and TIP4P-Ew respectively were
performed using GROMACS 4.05. 5 million configurations were sampled over 100 ns at
1 bar and 298.15 K. Figure 3.4 (a) shows the dihedral angle distribution for O5-C5-C657

O6 dihedral angle of glucose monomer. The distributions for both TIP3P and TIP4P-Ew
are in close agreement with each other. This provides validation to the choice of using a
four point water model instead of a three point water model since there are no significant
effects on the property determination of the solute molecules with better determination of
solvent properties.

A

B

C

Figure 3.3 Snapshot of simulation box containing cellohexaose crystallite after 50 ns
simulations at 363.15 K. Hydrogen atoms on cellohexaose and solvent molecules are not
shown for the purpose of clarity. A. System I (800 NMMO molecules) B. System II (800
water molecules) C. System III (400 NMMO molecules and 400 water molecules)
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Figure 3.4 (a) O5-C5-C6-O6 Dihedral Angle distribution of a β Glucose monomer in
different water models (b) The radial distribution function between the primary hydroxyl
oxygen (O6) of cellulose with N-oxygen (O2N) and ring oxygen (O8) of the NMMO
molecule.
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Figure 3.4(b) shows the radial distribution function between the primary hydroxyl
oxygen O6 of cellohexaose molecules and the oxygen atoms of NMMO molecules. These
distribution functions were obtained from simulating four cellohexaose molecules in 853
NMMO molecules at 1 bar and 523 K in an NPT ensemble. We see a strong clustering of
NMMO molecule around the O6 hydroxyl group. The presence of a strong primary peak
at 2.8 Å in the O6-O2N radial distribution and absence of the same in O6-O8 radial
distribution function is indicative of the hydrogen bond forming capability of the O2N
atom. The orientation of NMMO molecules suggested by these two distribution functions
indicate that the NMMO molecule is aligned perpendicular to the hydroxyl groups with
the ring oxygen located away from the chain. This is in concurrence with the results of
Kast et al. obtained from simulations where the parameters for cellohexaose molecules
were defined by the CHARMM based force field.
3.3.2

Analysis of solvent-solute hydrogen bonds
The hydrogen bonds in this study were considered in line with experimental

observations from Nishiyama et al. In Iβ allomorph of cellulose, the hydrogen bonding
system consists of only O-H----O hydrogen bonds and there exist no hydrogen bonds
between the sheets. A distance-based criteria of 3 Å was used to determine the intramolecular hydrogen bond population of O-H---O bonds. The same criterion was used to
determine the hydrogen bonding between the hydroxyl groups of cellohexaose molecules
and solvent molecules respectively defined as O-H---OW for water oxygen and O-H--O2N for polar NMMO oxygen.
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Figure 3.5 (a) The population of hydrogen bonds between cellohexaose chains with time
(b) The population of inter-molecular hydrogen bonds between hydroxyl groups of
cellohexaose and oxygen of solvent molecules with time
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Figure 3.5(a) shows the population of hydrogen bonds between cellohexaose
molecules with the progression in simulation time. It is interesting to note that although
the cellohexaose crystal came apart in System II, the population of hydrogen bonds
remains same within the fluctuations of the simulations. This indicates that in water the
cellohexaose chains cleave in pairs of chains belonging to the same sheet as also shown
from the center of mass distances in later sections. Since there are no hydrogen bonds
between the sheets in the initial crystal structure of cellulose Iβ, the number of hydrogen
bonds after the cleavage remains same. Determination of the potential of mean force
between the oligomers, as observed by Brady et al, suggests that hydrogen bonding in
presence of water favors the pairing of oligomers in the manner found in the crystal
structure of cellulose.[166] The observations from our simulations of cellohexaose
crystallites in water conforms to this hypothesis. The population of hydrogen bonds
between cellohexaose monomers is greater in the presence of water (System II and III).
Based on these observations we speculate that NMMO is preferentially disrupts the
hydrogen bonds between cellohexaose monomers when compared to water molecules.
Figure 3.5(b) shows the hydrogen bond population between the hydroxyl groups
of cellohexaose molecules and oxygen atoms of solvent molecules. The population of
inter-molecular hydrogen bonds is significantly greater in System II (water) when
compared to System I (NMMO) and System III (equimolecular mixtures). We speculate
that the hydroxyl groups that are not accessible to solvent in the crystal are available for
hydrogen bonding upon cleavage. It is also possible that the steric factors prevent
NMMO molecules to access the O4 oxygen molecules of cellohexaose chains. An
important observation from the population of solvent solute hydrogen bonds in System III
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is that the hydrogen bonds attributed to NMMO molecules are greater than those
attributed to water indicating a competing behavior of these solvent molecules to form
hydrogen bonds with primary hydroxyl groups. We hypothesize that the O2N atoms of
the NMMO molecules preferentially form more hydrogen bonds with primary hydroxyl
groups in comparison to the oxygen of water molecules. The total number of hydrogen
bonds for System I and III are same giving corroboration to our speculation that that the
number of hydrogen bonds in System II is more due to the cleavage of the crystal.
3.3.3

Center of Mass (COM) motion and Radius of Gyration

The distance between the centers of mass of the four chains in cellohexaose crystallite
as a function of simulation time in different solvents can provide important insights into
the dynamics of cleavage of the cellohexaose crystals in System II. Figure 3.6(a) shows
the distance between the COMs of chain 1 and chain 2 (as designated in Figure 3.2)
belonging to two different sheets in the initial configuration. For System II we see that
this distance increases sharply with time while for System I and System III the distance
remain fairly constant between 7-8 Å. The distance between chain 1 and chain 4 (as
designated in Figure 3.2) fluctuate around a median value of 5.5-6 Å in all of the three
systems. These results conform to our observations of inter-chain hydrogen bonds
indicating that the chains belonging to the same sheet stay together even upon cleavage.
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Figure 3.6 The distance between Centers of Mass (COM) with progression in time. (a)
COM distance between chains 1 and 2 (b) COM distance between chains 1 and 4
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The radius of gyration Rg is mathematically defined as

∑ m (rc − r )
=
∑m
i

R g2

2

i

i

(3.1)

i

i

where mi is the mass of the ith atom and rc and ri are respectively the position of COM
and ith atom in the Euclidian space. The larger value of Rg indicates a stretched
confirmation of the polymer. As shown in Figure 3.7(a) the radius of gyration of chain 2
initially decreases with time indicating that water molecules infiltrate the crystal between
the sheets causing the chain to curl and cleave at around 15 ns. The corresponding
snapshot of the cellohexaose crystallite is shown in Figure 3.7(b). Once the chain cleaves
and is solvated, it prefers to stay in the original elongated configuration as indicated by
the rise in the values of radius of gyration.
3.3.4

Radial Distribution Functions
The pair-wise distribution functions such as the radial distribution function (RDF)

are important tools in assessing the interactions between molecular species. The radial
distribution function is a measure of apparent relative density of a molecular species as a
function of distance from the other and hence it offers insights into the spatial
organization of solvent molecules around a solute. Figure 3.8 (a) shows the RDF between
the terminal hydroxyl oxygen O1 of cellohexaose chains and oxygen of solvent
molecules averaged over all the four chains and the solvent molecules over
configurations after 40 ns of simulations. Configurations from the initial 10 seconds were
not considered in the view of the dynamics of System II.
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Figure 3.7(a) The radius of gyration of cellohexaose chain 2 in with progression in
simulation time (b) Snapshot of simulation box showing the arrangement of crystallite in
System II at 15 ns.

66

4
O1-O2N IN NMMO
O1-OW IN WATER
O1-O2N IN MIX
O1-OW WATER IN MIX

g (r)

3

2

1

0
0

2

4

6

8

10

12

14

10

12

14

r (in Angstroms)

(a)

1.2
O4-O2N IN NMMO
O4-OW IN WATER
O4-O2N IN MIX
O4-OW IN MIX

1.0

g(r)

0.8

0.6

0.4

0.2

0.0
0

(b)

2

4

6

8

r (in Angstroms)

Figure 3.8(a) The radial distribution function between the terminal hydroxyl oxygen O1
of cellohexaose and the hydrogen bond forming oxygen of the solvent molecules (b) The
radial distribution function between the link oxygen O4 of cellohexaose and the hydrogen
bond forming oxygen of the solvent molecules
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The radial distribution function for System I shows the presence of a strong peak
followed by a strong depression indicating a strong affinity of O2N atoms to the hydroxyl
groups. The second solvent shell that occurs at 5.5 Å indicates the solvent organization
around these hydroxyl groups. The O1-O2N peak is significantly higher than the O1-OW
peak for the equimolar mixture (System III), indicating preferential hydrogen bonding of
cellulose O1 molecule with O2N of NMMO. The absence of a secondary peak in O1-OW
peak for the equimolar mixture suggests that water molecules are excluded in the region
by the NMMO molecules.
A similar investigation of distribution functions for O4 atoms of cellohexaose
chains is shown in Figure 3.8(b). These distributions suggest that both water and NMMO
have restricted access to this region due to steric hinderance. However, presence of a
small water peak at around 3 Å shows that water molecules might still be able access
some of the O4 bonds that are unavailable to NMMO. A clearer picture of the
interactions between these specific groups and local characteristics of solvent molecules
can be obtained from the proximal radial distribution function.
3.3.5 Proximal Radial Distribution Functions
The proximal distribution function has been discussed in detail by Ashbaugh et
al.[167] This correlation function considers the solvent accessible surface instead of a
radial shell for the purpose of generating a pair-wise distribution function between atomic
or molecular species. Figure 3.9 (a) shows the proximal radial distribution between the
terminal O1 atoms with that of solvent oxygen atoms. These correspond to the radial
distribution functions discussed in Figure 3.8 (a).
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Figure 3.9 (a) The proximal radial distribution function between the terminal hydroxyl
oxygen O1 of cellohexaose and the hydrogen bond forming oxygen of the solvent
molecules (b) The proximal radial distribution function between the link oxygen O4 of
cellohexaose and the hydrogen bond forming oxygen of the solvent molecules
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The characteristic similarities between O1-O2N distribution functions in pure
solvent and in the equimolar mixtures can be readily observed in the proximal
distribution functions. We observe a strong primary peak and secondary solvent peak
indicating the structuring of NMMO molecules around reducing end O1 of cellohexaose
chains. The steric hindrance to solvent molecules accessing the reducing end due to other
atoms of the chain is minimal and hence the proximal and radial distribution functions are
not significantly different from each other. The same follows for the O1-OW proximal
distribution function. Here again we observe that in equimolar mixtures NMMO has
preference over water around the hydroxyl groups.
The proximal radial distribution functions between O4 and the oxygen atoms of
solvent molecules are shown in Figure 3.9(b). We observe a strong peak for O1-OW pairs
at around 3 Å for System II (water) and System III (equimolar mixture) which is absent
for System I (NMMO). The peak for O4-O2N distribution function is at 5 Å. In
equimolar mixtures no peaks were observed for O4-O2N distribution functions. This
gives corroboration to our contention that while water molecules being smaller in size are
able to form hydrogen bonds with O4 oxygen atoms of cellulose, NMMO molecules are
largely excluded in equimolar mixtures.
3.4

CONCLUSIONS
Molecular Dynamics simulations of cellohexaose monomers in three different

systems were performed at elevated temperatures with the objective of understanding the
interactions between hydroxyl groups of cellohexaose molecules with solvent molecules
in NMMO, water and their equimolar mixture. The cellohexaose chains were observed to
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cleave in pairs from an initial crystal structure in the presence of water. The observation
of COM distances and inter-chain hydrogen bonds suggest that the cellohexaose chains in
a cleaved pair belong to the same layer from the initial crystal structure. This observation
provides insight into the insolubility of cellulose in water and suggests that water
molecules are unable to break the strong inter-chain hydrogen bonding of cellulose chains
in a crystal. The observations from the RDF and proximal radial distribution functions
suggest the possible mechanisms for cleavage of cellulose chains from a crystal involve
the solvent molecules attacking the reducing end of the chain causing it to curl and cleave
from the crystal. In the equimolar mixture of NMMO and water, the NMMO molecules
preferentially form hydrogen bonds with the hydroxyl groups of the cellohexaose
monomers. Water molecules are able to access the glycosidic oxygen of the cellohexaose
chain while NMMO molecules are excluded from forming hydrogen bonds with the
glycosidic oxygen. The observations from this study are important in the view of
understanding the role of solvent species in the dissolution of cellulose in mixed solvents.
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Chapter 4
SURFACTANT FREE EMULSIONS STABILIZED BY UNIFORM CARBON
SPHERES: IMPLICATIONS TO ENVIRONMENTAL REMEDIATION
Published as : Venkataraman, P.; Sunkara, B.; St. Dennis, J. E.; He, J.; John, V. T.; Bose,
A., Water-in-Trichloroethylene Emulsions Stabilized by Uniform Carbon Microspheres.
Langmuir 2011, 28, (2), 1058-1063.

4.1

INTRODUCTION
Colloidal particles have been studied for their activity at fluid interfaces for over a

century.[168] These particles can be used to solubilize/emulsify mutually immiscible
phases forming emulsions that are stable over extended periods. Such surfactant free
emulsions, also known as Pickering emulsions, [168] are characterized by the degree of
wettability of the particles by either the dispersed phase or the continuous phase as
determined by the contact angle (θ), defined as

cos θ =

γ so − γ sw
γ ow

(4.1)

where γso, γsw, and γow are the interfacial tensions at the solid-oil, solid-water, and oilwater interfaces, respectively.[46] As a general rule of thumb, hydrophobic particles
(θ>90o) preferentially disperse in the oil phase and stabilize water-in-oil emulsions, while
hydophilic particles wetted by water (θ<90o) solubilize oil-in-water emulsions.[46]
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The contact angle of colloidal particles at the interface is analogous to the
hydrophilic-lipophilic balance of surfactants, and the value of the contact angle typically
determines the nature of the emulsion (oil in water or water in oil) in systems that have
similar amounts of the two phases.[46] Mechanisms involved in the stabilization of
particle based emulsions and phase transitions have been extensively discussed by Binks
and coworkers[48-49] and in recent years, particle stabilized emulsions have been used to
develop novel applications ranging from the synthesis of Janus particles [52] and
colloidosomes [169] to drug delivery [58] and catalysis at interfaces.[59] The self
assembly of micro and nanoparticles at interfaces is also of much interest from the
perspective of creating building blocks for hierarchical structures.[170]
In understanding the nature of Pickering emulsions and self-assembly at
interfaces, model systems typically used are hydrophilic colloidal silicas or hydrophilic
latex particles which form oil-in-water emulsions.[46] Water-in-oil Pickering emulsions
are usually studied through the use of hydrophobically modified silicas.[168, 171] The
rapid development of applications involving carbon based materials has led to interest in
the assembly of irregular sized carbon black particles [172], graphene sheets [173], and
carbon nanotubes [174] at interfaces. Our focus in this work is to adapt a simple
technology that leads to the synthesis of uniform and controllable sub-micron size carbon
spheres, to the study of these particles at liquid interfaces with an environmental
remediation application as the longer term objective. Such uniform-sized microspheres
can be prepared through the hydrothermal decomposition of simple saccharides (for
example, sucrose, glucose and cyclodextrins)[67] and sugar based materials to produce
monodisperse spheres of controllable size with potential applications in catalysis[69],
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energy storage, [68] and lubrication [79]. These carbon particles are nanoporous with
disordered graphene like layers and N2 adsorption surface area of about 400 m2/g[67].

Figure 4.1 Schematic showing the spilling and transport of TCE into aquifers through
soil and sedimentary rock. Formation of plumes of TCE and pools at the bottom of
aquifer is also depicted.
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We show that particles formed by this synthesis strategy are effective at
stabilizing water-in-trichloroethylene emulsions and the observations addresses the selfassembly of such hard carbon microspheres (HCS) at the interface between water and
trichloroethylene (TCE). The choice of TCE as the organic phase is based on the
compelling environmental application of using carbon particles to remediate TCE. TCE
belongs to the class of dense non-aqueous phase liquids (DNAPLs) which migrate deep
into the subsurface and gradually dissolve into aquifers causing problems of long term
environmental pollution, and difficulties in cleanup. The contaminant forms pools at the
bottom of an aquifer in cracks in the underlying bedrock. Figure 4.1 is a schematic
showing the accumulation of TCE in bedrock and dissolved plumes of TCE in the
groundwater sediment. Carbon particles are a promising method to adsorb TCE, and in
recent years, the use of carbon particles containing zerovalent iron has found increasing
application as a method to dechlorinate TCE where water is required for the reductive
process.[66, 175-176] The overall reaction of zerovalent iron with TCE is
C2H2Cl3 + 4 Fe0 + 5 H+  C2H6 + 4 Fe2+ + 3 ClThe reaction requires a source of protons, implying the need for water in close
proximity to the zerovalent iron. Understanding the fate of carbon particles at the
interface between TCE and water therefore becomes extremely important in technologies
being developed to inject such particles into groundwater. The use of sulfonated
poly(styrene) grafted silicas that form TCE-in-water emulsions [63] and the use of clay
particles in stabilizing creosote-in-water emulsions [60] are two recent examples of the
studies of Pickering emulsions applied to DNAPL systems. The current work is distinct
as it demonstrates that hydrophobic carbon particles that adsorb TCE sequester at water75

TCE interfaces and stabilize water-in-TCE emulsions. The formation of emulsions of
water in TCE stabilized by carbon at the interface facilitates the reductive process by
bringing water and TCE to the vicinity of the reducing agent. The formation of a waterin-TCE emulsion will prevent carbon from sinking into the TCE bulk phase and also help
limit mobilization of the contaminant from bulk TCE pools into ground water.
4.2

EXPERIMENTAL SECTION

4.2.1

Chemicals
Sucrose (ACS reagent) and Trichloroethylene (TCE) (≥99.5%) were obtained

from Sigma Aldrich and used as received without any further treatment. Deionized (DI)
water, produced from an Elga water purification system (Medica DV25) with resistance
of 18.2 MΩ, was used in all experiments.
4.2.2

Preparation of hard carbon spheres (HCS)
The preparation of sub-micrometer size monodisperse carbon spheres was based

on the process developed by Wang and coworkers [67] and involves two steps – (a) the
hydrothermal decomposition of sucrose followed by (b) carbonization under an inert
atmosphere. In our experiments, 45 ml of 0.05 M sucrose solution was hydrothermally
decomposed at 190 oC for 6 hours in a 50 ml stainless steel autoclave. The suspension
containing carbon spherules was centrifuged at 4000 rpm for 10 minutes and washed
successively with ethanol and water. After air drying at 50 oC for 12 hours, the solids
were pyrolyzed under a flowing argon atmosphere in a tube furnace for 10 hours at 1000
o

C to graphitize the carbon spheres.
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500 nm

Figure 4.2 Scanning Electron Microscopy images of relatively uniform and smooth hard
carbon particles obtained after pyrolysis. The average size of particles is 375 nm.

Figure 4.2 is a Scanning Electron Microscopy (SEM) image of the particles
obtained, and we note the relatively uniform size and the smoothness of the particle
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surface. At the sucrose concentrations used in this study, the average particle size is 375
nm with a standard deviation of 45 nm as obtained through a measurement of particle
sizes from SEM analysis. Such carbons are hard, partially graphitized materials as shown
by X-ray diffraction and Raman spectroscopy studies.[68]
4.2.3

Emulsion Preparation
1 part of deionized water was added to 9 parts of a suspension of TCE containing

10 mg/ml HCS. The resulting suspension was subject to vortex mixing (Thermolyne
Maxi Mix II) for 2 minutes. The solution was then homogenized for 30 minutes in a sonic
dismembrator (Fisher-Scientific Model 550) operating at a frequency of 20 kHz with
power output of 150 Watts. The emulsion was then left undisturbed at room temperature
in a sealed vial for 24 hours before being subjected to characterization and analysis.
4.2.4

Characterization Methods
A small aliquot of the water-in-TCE emulsion stabilized by HCS was removed

using a Pasteur pipette, and diluted with TCE prior to optical imaging (Leica DMI REZ
optical microscope). The images were analyzed using Image ProPlus v. 5.0 software to
obtain the droplet size distribution. Cryo-SEM (Scanning Electron Microscopy) was
performed using a Hitachi S-4800 Field Emission SEM operated at a voltage of 3 kV and
a working distance of ~9 mm. The emulsion sample was first plunged in liquid nitrogen
followed by fracture at -130 oC using a flat edge cold knife and sublimation of the solvent
at -95 oC for 5 minutes. The sample was sputtered with a gold-palladium composite at
10mA for 88s before imaging. Interfacial tension measurements were done using the
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pendant drop method on a standard goniometer (ramé-hart Model 250) with analysis
carried out using the DROPimage Advanced Software.
4.3

RESULTS AND DISCUSSIONS

4.3.1

Particle Characteristics

The SEM images (Figure 4.2) reveal highly spherical and uniform sized carbon particles
with a smooth surface. As is typical with the hydrothermal dehydration process, the
precursor concentration can be used to control particle size,[67] and with the sucrose
concentration of 0.05M used in this study, the particle size is 375±45 nm. Figure 4.3
shows the powder X-Ray Diffraction pattern of the pyrolyzed carbon particles (Rigaku
Miniflex II system, Cu Kα radiation at 1.54 Å). The peaks at 2θ ~ 230 and 440 are
representative of graphitic planes (002) and (100). The broadness of the peaks indicates a
disordered graphitic structure.
Raman spectroscopy (Figure 4.4) was carried out on the pyrolyzed carbon
particles to analyze the C-C stretching of sp2 hybridized carbons using a Germanium
detector cooled with liquid nitrogen at NASA’s Glenn Research Center on a PerkinElmer
Spectrum GX. Peaks for the graphitic lattice (G-band) and the disorder band caused by
the edge of graphitic planes (D-band) were observed at 1590 cm-1 and at 1289 cm-1,
respectively. The broad D-band peak and a relatively shorter G-band suggest the presence
of short-range graphene like layers within the carbon material.
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Figure 4.3 X-Ray Diffraction pattern of the pyrolyzed carbon particles showing peaks at
2θ ~ 230 and 440 that are representative of graphitic planes (002) and (100). The
broadness of the peaks indicates a disordered graphitic structure.
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Figure 4.4 Raman spectra for the pyrolyzed carbon particles shows peaks for the
graphitic lattice (G-band) and the disorder band caused by the edge of graphitic planes
(D-band) were observed at 1590 cm-1 and at 1289 cm-1, respectively.
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Figure 4.5 FTIR spectrum of the carbon particles before and after pyrolysis. After
pyrolysis, the FTIR spectrum does not have any significant peaks indicating the removal
of most of the functional groups by carbonization.
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Figure 4.6 HRTEM image of a cut section of a pyrolyzed carbon sphere shows the
presence of graphitic layers (shown here by red arrows).
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Figure 4.7 Nitrogen adsorption-desorption isotherm for the pyrolyzed carbon
microspheres The inset shows Barret-Joyner-Halenda (BJH) pore size distribution
derived from the desorption curve of the isotherm.
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Figure 4.5 shows the FTIR (PerkinElmer Spectrum GX) spectrum of the carbon
particles prior to pyrolysis shows the presence of hydrophilic groups. The broad peak
between 3300-3600 cm-1 corresponds to the O-H stretch while peaks in the interval 16001750 cm-1 correspond to C=O stretching. The presence of aliphatic C-H stretching is also
noted with peaks around 2900 cm-1. After pyrolysis, the FTIR spectrum does not have
any significant peaks indicating the removal of most of the functional groups by
carbonization. The presence of graphitic layers is can be seen from High Resolution
Transmission Electron Microscope (HRTEM) images (Figure 4.6) of a cut section of a
pyrolyzed carbon sphere.
Nitrogen adsorption-desorption isotherms (Figure 4.7) for the pyrolyzed carbon
microspheres obtained using a Micromeretics ASAP 2010 surface area analyzer show a
Type I adsorption isotherm as per the Brunauer, Demming, Demming, and Teller
(BDDT) classification. Surface area calculated using Brunauer –Emmet-Teller (BET)
method at 77K was found to be 320 m2/g. The inset shows Barret-Joyner-Halenda (BJH)
pore size distribution derived from the desorption curve of the isotherm. The BJH
desorption pore volume was determined to be 0.0109 cm3/g. These results are similar to
those previously reported reported in literature. [67-68]
4.3.2

Interfacial Activity
As discussed by Binks,[46] hydrophobic particles preferentially stay in the oil

phase and, in accordance with Bancroft’s rule create droplets of hydrophilic species
within the hydrophobic phase.
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Figure 4.8 Carbon particles suspended in the water phase move towards the water-TCE
interface after 4 hours.
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Carbon particles were dispersed uniformly in water by subjecting the suspension
to ultrasonication for 15 minutes using a sonic dismembrator (Fisher-Scientific Model
550). Upon introduction of this suspension over a TCE phase of specific gravity 1.46
without any agitation, the carbon particles slowly migrate towards the water-TCE
interface as shown in Figure 4.8. After 4 hours, the aqueous phase is completely clear and
the vast majority of particles are positioned at the water-TCE interface (Figure 4.8).
Some dense aggregates were observed at the bottom of the vial due to sedimentation
effects.
In order to further characterize the partitioning of the particles between the
phases, a small drop of TCE was injected into a capillary tube (1.5 mm i.d. × 100 mm
length, Corning, NY) containing carbon particles dispersed in water. The top panel of
Figure 4.9 shows the interface between the TCE drop and water, and we observe a rapid
accumulation of carbon particles at the TCE-water interface; the panel is a capture of the
image after 10 minutes of contact. The converse case is the introduction of a water
droplet into a bulk TCE phase containing initially dispersed carbon particles as illustrated
by the bottom panel of Figure 4.9. Again, the particles were observed to preferentially
migrate to the water-TCE interface. Figure 4.9 (top) may reflect realistic situations of the
injection of carbon particles containing encapsulated zerovalent iron, to TCE pools
sequestered in porous sediment and bedrock. HCS particles were observed to be active at
other oil-water interfaces such as the hexadecane/water interface. Capillary experiments
as described earlier were conducted to confirm the adherence of HCS particles at the
hexadecane/water interface (Figure 4.10).
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Figure 4.9 TCE drop introduced in a capillary containing carbon particles suspended in
water (top) shows accumulation of particles at the interface. Water drop introduced in a
capillary containing carbon particles suspended in TCE (bottom) also show accumulation
of particles at the interface.
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Figure 4.10 Hexadecane (HD) droplet introduced in a capillary containing carbon
particles suspended in water (top) results in the accumulation of carbon particles at the
water-oil interface. Water droplet introduced in a capillary containing carbon particles at
the interface demonstrating the interfacial activity of carbon particles at oil-water
interface.
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To further establish the interfacial activity of the carbon particles, the interfacial
tension of the TCE-water interface was measured using the pendant drop method. A TCE
droplet of volume 3 μl was suspended in water with the measured interfacial tension of
36 mN/m, which is in accordance with reported values.[177] A droplet of TCE of the
same volume containing 10 mg/ml carbon particles reduces the interfacial tension by
40% to 22 mN/m. A similar reduction in the interfacial tension between TCE and water
in TCE-in-water Pickering emulsions, was observed by Saleh and coworkers, using
poly(styrene sulfonate) functionalized silica nanoparticles.[63] It is noteworthy therefore
that the addition of the bare graphitized carbon particles leads to a clearly measureable
reduction in the interfacial tension.
The reduction of interfacial tension can be translated to the calculation of the
three phase contact angle. Assuming complete monolayer coverage of a droplet by
spherical particles, the contact angle is determined from the analysis of Levine and
Bowen [178] as

γ EF  π (1 − cos θ ) 2 
= 1−

γ OW 
4 3


(4.2)

Here, θ is the contact angle of the particle at oil-water interface, γOW and γEF are
the oil-water interfacial tension and the reduced interfacial tension due to addition of the
particle respectively.

With the values of γEF and γOW as 22 mN/m and 36 mN/m

respectively, the contact angle of HCS at the TCE-water interface is calculated using the
above equation as 95 degrees, which is in the range of values at which water-in-oil
emulsion have been found to be stabilized by essentially hydrophobic particles.[49, 179]
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Direct experimental determination of the three phase contact angle of HCS at TCE-water
interface is difficult due to the curvature of the HCS particles and limitations in preparing
a consistent film using the Langmuir-Schaeffer method.[180] We have however done
analogous experiments with pyrolytic graphite as a model. The partial wettability of
pyrolytic graphite was demonstrated by measuring the contact angle of a water drop on
freshly cleaved HOPG (highly ordered pyrolytic graphite) surface. The contact angle of
water in the presence of air as the external phase was measured as 82o which is in
agreement with values reported in the literature.[181] The contact angle of TCE in the
presence of air as external phase on HOPG is small due to high wettability of HOPG by
TCE. In the presence of water, TCE has a contact angle of 36.5o on HOPG surface
(Figure 4.11). These observations are indirect evidence that partially graphitic particles
such as HCS are hydrophobic and can potentially form water-in-oil type emulsions.
The reduction in interfacial tension in a particle stabilized emulsion is due to the
energy of adsorption of the particle at the oil-water interface.[46] The energy of a
colloidal particle at the interface in the absence of gravitational effects can be expressed
as
E = πr 2 γ OW (1 − cos θ ) 2

(4.3)

where r is the radius of the particle adsorbed at the interface, γOW is the interfacial tension
between oil and water phase and θ is the contact angle of particle at the oil-water
interface.[46]
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Figure 4.11 – Contact angle of a trichloroethylene drop on a Highly Ordered Pyrolytic
Graphite (HOPG) surface in the presence of water as the external phase was measured as
36.5o (top). Contact angle of a water drop on a HOPG surface in the presence of air as the
external phase was measured as 82o (bottom).
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With HCS particle of radius 190 nm and TCE-water interfacial tension of 36
mN/m, the energy of the adsorption of the carbon particle at the TCE-water interface is
calculated to be 8x105 kT at the room temperature. This high energy clearly indicates that
once the carbon particles break through the water-TCE interface they remain irreversibly
adsorbed.
4.3.3

Emulsion Characteristics

Figure 4.12(a) is an optical micrograph of a water-in-TCE emulsion prepared through
vigorous agitation of water and TCE containing 0.7 wt% carbon particles keeping the
water to TCE ratio as 1:9. After a few minutes a particle-rich upper emulsion phase
containing droplets of water in TCE is obtained. To facilitate visualization of individual
droplets in the emulsion, a small aliquot of the upper phase was removed and diluted with
TCE, prior to acquiring the optical image shown in Figure 4.12(a). As shown in Figure
4.12(a), all the water droplets are covered with particles.
The stability of the emulsion was studied by analyzing a number of optical
micrographs to obtain the droplet size distribution over a period of 8 weeks. Figure
4.12(b) shows the droplet size distribution after 48 hours of emulsion preparation and
after 8 weeks. The droplets were observed to be in the size range 30-210 μm with a
median droplet size of 105 μm and standard deviation of 40 μm. The droplet size
distribution is dictated primarily by the energy provided to create the emulsion
phase.[182] The median droplet size did not change over the period of 8 weeks.
However, some evidence of Ostwald’s ripening can be seen from the increase in the
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population of small droplets in the size range 0-30 μm and larger droplets in the size
range 60-90 μm. The emulsion phase was found to be stable for more than 12 weeks.

EMULSION

TCE

Figure 4.12 (a) Optical micrograph of water-in-TCE emulsion taken after 48 hours. The
upper emulsion phase was diluted with TCE before imaging for the purpose of clarity
(inset shows dark upper phase and lower TCE phase).
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4.12 (b) Droplet size distributions obtained from optical micrograph. The average
droplet size obtained after 48 hours was 105 ±40 μm. . The size distribution after 8 weeks
indicates the stability of water droplets in the emulsion phase.
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Figures 4.13(a-c) show the cryo-SEM images of the water-in-TCE emulsion phase
stabilized by HCS. The water droplets are completely covered by the carbon particles.
The partial exposure of a few water droplets is due to the cold-knife fracturing process to
expose clean surfaces for cryo-imaging. Formation of a monolayer around the water
droplets in the emulsion phase was observed (Figure 4.14). The droplet dimensions
concur with the measurements made with the optical microscope experiment.
Horozov and Binks[51] have indicated that for particles without long range repulsion,
it is necessary to have complete coverage of the droplets to protect them from
coalescence. This is clearly the case in our system as seen from the cryo SEMs that show
complete coverage of the droplets. What is even more remarkable is the requirement for
particle bilayers to exist at contact locations between droplets[51] as a steric barrier to
coalescence. Figures 4.13 (d) shows the cross section of water droplets obtained by cryoSEM and reveals clear bilayers at the contact junctions. Formation of a monolayer of
HCS particles around water droplets were also observed in a cryo-SEM images of other
systems such as water-in-hexadecane emulsions stabilized by HCS particles. (Figure
4.15)

96

(a)

100 μm

(b)

50 μm

97

(c)

20 μm

(d)

5 μm

Figure 4.13 (a)-(c) Cryo SEM images of water droplets stabilized by carbon particles in
TCE (d) Cryo-SEM images of the cut-section of the water droplets reveal the formation
of particle bilayer
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Figure 4.14 (a)-(c) Cryo Scanning Electron Microscope images of water droplets in the
emulsion phase (water-in-trichloroethylene) showing monolayer coverage by uniform
carbon spheres.
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Figure 4.15 Cryo-SEM image of the cut-section of the water-in-hexadecane emulsion
droplets stabilized by uniform sized carbon spheres (top). The images at the bottom and
the inset show that the HCS particles occupy the water-hexadecane interface forming a
monolayer.
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4.4

CONCLUSIONS
Pickering

emulsions

of

water-in-trichloroethylene

stabilized

by

non-

functionalized hard carbon sub-micron size spheres were formed and observed to be
stable over a period of four months. The hard carbon microspheres cause a significant
reduction in the TCE-water interfacial tension and adsorb irreversibly to the TCE-Water
interface. The stability of the emulsion phase is attributed to the formation of a
monolayer of HCS around the water droplets. The particle bilayer at the contact point of
the water droplets offers a steric barrier to coalescence. To our knowledge this is the first
example of using uniform carbon particles to stabilize droplets of water in TCE without
the aid of a chemical surfactant.
The results have broad implication to the remediation of chlorinated solvents such
as TCE. These solvents accumulate in pools in impervious bedrock fractures and slowly
leach into groundwater. Treatment by carbon containing zerovalent iron nanoparticles is a
potentially highly viable route as the carbons are strong adsorbents for TCE and the iron
reduces the TCE to innocuous light hydrocarbons such as ethane. The present study
indicates that carbon particles with zerovalent iron will accumulate at the water-TCE
interface and gradually destroy the contaminant. The ability of the carbon particles to
form of water-in-TCE emulsions at the surface of a TCE pool is desirable from a
remediation perspective since it allows access of water to zerovalent iron particles that
are present on the carbon in the real system. The reverse case of TCE-in-water may be
less desirable if the mobilizes TCE droplets into groundwater flow.
The results are also important for a variety of other technologies since they
indicate the possibility of generating carbon materials with appropriate functionalization
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and treatment of the carbons. Our experiments indicate that localization of carbon
microspheres at interfaces can be easily extended to polydisperse microspheres such as
those created through an aerosol based process of sucrose carbonization.[183] Such
materials have tremendous applications to energy technologies and their applications will
be pursued in continuing research.
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Chapter 5
INTERFACIAL ASPECTS OF A HYDROPHOBICALLY MODIFIED
BIOPOLYMER IN THE TREATMENT OF OIL SPILLS
Based on a manuscript submitted to ACS Applied Materials & Interfaces
5.1

INTRODUCTION
Dispersants are mixtures of surfactants that significantly reduce the interfacial

tension between crude oil and water, thereby facilitating the creation of small oil droplets
with low energy input provided naturally by wave actions and wind shear.[184-185] The
entrainment of the surface slick into the water column is necessary for mitigating the
impact of oil on the shores and aquatic fauna.[185-186] Another objective of using
dispersants is to enhance the mixing of oil in the water column and its exposure to the
benthic biota for degradation by natural means.[185] Corexit 9500A is one of the most
commonly used dispersants in the United States for marine oil spill remediation. It is a
mixture of nonionic surfactants (48 percent) and anionic surfactant (35 percent) in a
solvent

medium

containing

light

hydrocarbon

distillates

and

1-(2-butoxy-1-

methylethoxy) propanol.[187] The nonionic surfactants in Corexit 9500A are derivatives
of polyethoxylated sorbitan and oleic acid. Dioctyl sodium sulfosuccinate commonly
known as DOSS or AOT is the anionic surfactant that constitutes the Corexit class of
dispersants.[188-190]
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Recent studies have indicated that Corexit 9500A is effective in dispersing
different types of crude oil under varying conditions of temperature and dissipation
energy [191-194], with a significant decrease in oil water interfacial tension.[189]
However, it has been shown that droplets formed using Corexit 9500A rapidly coalesce
due to an insufficient electrostatic repulsive barrier.[195] It is therefore necessary to
enhance the stability of the dispersed oil droplets, defined as the resistance to coalescence
and determined by droplet hydrodynamics and colloidal interactions.[184]
Our objective in the current study is to apply an interesting concept where natural
additives such as polysaccharides, are attached to oil droplets to enhance the stability of
the droplets and potentially reduce the amount of dispersant required for effective
dispersion of crude oil. The specific polymer we have used is hydrophobically modified
chitosan (HMC). Chitosan is a linear chain polysaccharide consisting of n-glucosamine
monomers connected through 1-4 β linkages obtained by deacetylation of chitin, a
naturally occurring polymer found in the shells of most crustaceans.[72-73] The polymer
is soluble in a slightly acidic aqueous medium through protonation of the amine groups
(pKa ~ 6-6.5) which also imparts cationic properties to the polymer.[73] Chitosan and
derivatives of chitosan are biocompatible[196] and have been investigated for
applications in drug delivery[197], hemostasis,[76] and tissue engineering.[198] The
emulsifying properties of chitosan and its derivative have been studied for applications in
food industries [199-200] and as flocculating agents.[201] McClements and coworkers
have shown that chitosan can form stable oil-in-water emulsions in the presence of
anionic surfactants at low oil to water volume ratios.[200] Although, chitosan has poor
interfacial properties, it enhances the stability of emulsions by a combination of
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mechanisms involving electrostatic repulsion and steric hindrance.[78, 202] The
interfacial properties of the cationic chitosan can be altered by chemical
modification.[203-204] In particular, hydrophobic residues such as alkyl chains can be
attached to the polymer backbone by reductive amination.[205] Hydrophobic
modification of chitosan makes the polymer amphiphilic and thereby interfacially active.
In turn, the biopolymer has the ability to non-covalently link with hydrophobic materials
using the alkyl chains as “hooks”. For example, it has been shown that HMC chains,
when added to a solution of vesicles, create a vesicular gel by bridging vesicles into a
network where the vesicles are the nodes or cross-links.[77] A similar gelling effect has
been found upon the addition of HMC to carbon microspheres, where the alkyl groups of
HMC attach to the carbon particles through hydrophobic interactions.[77, 79]
In this work, we extend the above concepts to enhancing the stability of the crude
oil droplets dispersed by the application of Corexit 9500A. We hypothesize that with
lower molecular weight HMC at low concentrations, the polymer will anchor to droplets
through its hydrophobes. As suggested by the schematic in Figure 5.1, the polymer chains
may adsorb on the droplets and present a shell around individual droplets to stabilize
them against coalescence through steric and electrostatic repulsion. The application of
dispersants, necessary for creation of small droplets by reduction of the interfacial
tension, is followed by the application of the modified polysaccharide, which we show
provides a barrier to rapid coalescence and resurfacing of the oil droplets. We also show
that at higher molecular weights and concentrations, the polymer spans droplets resulting
in a gel-like phase that may be of relevance to immobilizing surface oil for ease in
removal.
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Oil Globule

Application of
Corexit

Alkyl groups attached to the
HMC anchor at the oil-water
interface and the polymer
chain adsorbs at the oil-water
interface

The oil globule breaks
into smaller droplets

Application of hydrophobically
modified chitosan (HMC)

Figure 5.1 Schematic showing hydrophobically modified chitosan (HMC) molecules
stabilizing dispersed oil droplets by anchoring the covalently attached alkyl groups at the
oil-water interface and forming a protective layer around the oil droplet.
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-CH2
Hydrophobically
Modified Chitosan

-CH3

Chitosan

Figure 5.2 Structure of hydrophobically modified chitosan molecule. 2.5% of the
glucosamine monomers on the polymer chain were hydrophobically modified by
covalently attaching n-dodecyl tails. 1H NMR spectrum showing the peaks for the alkyl
residues attached to the chitosan polymer backbone.
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5.2

EXPERIMENTAL SECTION

5.2.1

Chemicals
Low molecular weight chitosan (75-85% deacetylated, M.W. 50-190K Da), high

molecular weight chitosan (>75% deacetylated, M.W. 310-375K Da), n-dodecyl
aldehyde (92%) and sodium cyanoborohydride (reagent grade, 95%) were obtained from
Sigma Aldrich and used as received without any further treatment. Deionized (DI) water,
produced from an Elga water purification system (Medica DV25) with resistance of 18.2
MΩ, was used in the synthesis of hydrophobically modified chitosan. Louisiana sweet
crude oil was obtained from British Petroleum’s Macondo prospect (SOB-20100617032).
Corexit 9500A (Nalco Energy Services) was used as received as the chemical dispersant
in all experiments and is hereafter designated as Corexit. Saline water containing 0.6 M
sodium chloride (Certified ACS grade, Fisher Scientific) was used as a substitute for sea
water and was used in all experiments as the continuous phase.
5.2.2

Synthesis of Hydrophobically Modified Chitosan (HMC)
Chitosan was hydrophobically modified by attaching the dodecyl chains to the

amine groups on the polymer backbone following the procedures reported in the
literature.[205] Briefly, n-dodecyl aldehyde was added to chitosan dissolved in acidic
solution containing water and ethanol. The molar ratio of the aldehyde to glucosamine
monomers was 0.025. The pH of the mixture was maintained as 5.0 to prevent the
precipitation of chitosan. Following the addition of sodium cyanoborohydride, the
solution was stirred for 24 hours. Hydrophobically modified chitosan (HMC) was
precipitated by adjusting the pH to 7 by adding sodium hydroxide solution. The
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precipitate was repeatedly washed with water and ethanol to remove excess reactants and
then air dried. Figure 5.2 shows a schematic illustration of the hydrophobically modified
chitosan and 1H nuclear magnetic resonance (NMR) spectra obtained from Bruker
Avance 500 MHz NMR spectrometer. The spectra confirm the hydrophobic substitution
on the polymer backbone and are in agreement with the reported literature.
Hydrophobically modified low molecular weight chitosan is designated as LHMC while
the high molecular weight variant is designated as HHMC.

5.2.3

Measurement of Interfacial Tension

The addition of Corexit results in the reduction of interfacial tension between
saline water and crude oil by several orders of magnitude.[189] Due to the wide range of
interfacial tension and instrument limitations, two different techniques were employed in
its measurement. Interfacial tension between crude oil and saline water was measured
using the pendant drop method on a standard goniometer (ramé-hart Model 250) and the
analysis was carried out using the DROPimage Advanced Software. For extremely low
interfacial tensions of the dispersant-oil mixtures not accessible by the pendant drop
method, the interfacial tension was measured using the spinning drop tensiometer (Grace
Instruments model M6500). The spinning drop tensiometer uses a rotating capillary of 2
mm inner diameter with total volume of 0.292 cm3. In two separate sets of experiments,
Corexit was mixed with saline water and crude oil respectively in various dispersant to
oil volume ratios.

Approximately 0.001 cm3 of the less dense phase (crude oil or

dispersant-oil mixture) was injected into the capillary filled with the more dense phase
(saline water or dispersant-saline water mixture) using a micro syringe to create a small
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drop. The capillary tube was sealed and rotated at a velocity in the range of 5000-6000
rpm. The temperature of the tube was maintained at 25oC by circulating cold water
around the capillary tube. Droplet radii were measured using an optical microscope fitted
with a digital output. Measurements of interfacial tension with a spinning drop
tensiometer are based on Vonnegut’s formula[206]:

γ =

∆ρω 2 R 3
4

(5.1)

where γ (mN m-1) is the interfacial tension, Δρ (g cm-3) is the density difference between
the drop and the surrounding fluid, ω (rad s-1) is the angular velocity and R (cm) is the
drop radius. The formula has been shown to be valid within 0.1% accuracy if the drop is
in equilibrium and the length of the drop exceeds four times its diameter. In a separate set
of experiments, Corexit was mixed with crude oil in two different dispersant to oil
volume ratios and an acidic solution (pH=4) containing 1 wt% LHMC was added to the
saline water in varying mass ratios of HMC to Corexit. The interfacial tension between
the oil phase and the saline water was measured using the spinning drop tensiometer as
described above.

5.2.4

Turbidimetric Measurements
Measurement of the turbidity of an emulsion as a function of time is a useful tool

in determining the stability of the dispersed phase. In our experiments, Corexit was
mixed with crude oil in varying dispersant to oil volume ratios. The mixture of oil and
dispersant was then added to a vial containing saline water. The oil to water volume ratio
in all experiments was maintained as 0.003. The vial was stirred for 30 seconds on a
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vortex mixer (Thermolyne Maxi Mix II, 37W) at 3000 rpm. A small aliquot (~1.5 ml) of
the emulsion was immediately transferred to a quartz cuvette (path length = 10 mm) and
the transmittance of light (λ=400 nm) through the emulsion was measured as function of
time using a UV-Vis Spectrophotometer (Shimadzu UV-1700).[207] Data was analyzed
using UV Probe software (version 2.32). In a different set of experiments an acidic
solution (pH = 4) containing 1 wt% LHMC was added to the vial following the addition
of the mixture of Corexit and crude oil. The turbidity of the emulsion phase was
measured as described above for varying mass ratios of LHMC to Corexit.
5.2.5

Cryo-Scanning Electron Microscopy (SEM)
A mixture of crude oil and Corexit (dispersant to oil volume ratio 0.01) was added

to a vial containing saline water. The oil to water volume ratio in the vial was 0.01. An
acidic solution of LHMC was then added to the vial, the mass ratio of HMC to dispersant
being 1. The vial was then stirred using a vortex mixer for 1 minute at 3000 rpm. A small
aliquot of the emulsion phase was taken and plunged in liquid nitrogen followed by
fracture at –130oC using a flat edge cold knife. The surface solvent was sublimed at –
95oC for 5 minutes. The sample was sputtered with a gold-palladium composite at 10 mA
for 88s and imaged using a Hitachi S-4800 Field Emission SEM operated at a voltage of
3 kV and a working distance of ~9 mm.
5.2.6

Rheological Studies and Zeta Potential Measurements
Steady-shear rheological measurements were made at 25oC on a TA Instruments

AR 2000 rheometer using a cone and plate geometry of 40 mm diameter with 1o cone
angle. The zeta potential of the emulsion samples of crude oil in saline water was
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determined by measuring the electrophoretic mobility of the droplets using Laser Doppler
Velocimetry (Zetasizer Nano, Malvern Instruments). The emulsion samples were
prepared using Corexit with a dispersant to oil volume ratio of 0.05. LHMC was added in
varying LHMC to Corexit mass ratios. The pH of the emulsions was adjusted and
maintained at 4 by adding 1% acetic acid solution. The emulsions were stirred for 1
minute on a vortex mixer operating at 3000 rpm. Approximately 1 ml of the emulsion
phase was transferred to a polypropylene electrode cell and the zeta potential was
measured following a temperature equilibration at 25oC for 2 minutes.
5.3

RESULTS AND DISCUSSION

5.3.1 Interfacial Tension
The reduction of interfacial tension between crude oil and water is a key factor in
the creation of smaller oil droplets and their entrainment into the water column.[185] The
interfacial tension between crude oil and water depends on the composition of oil and is
greatly influenced by weathering factors.[184-185] In our studies, we used Louisiana
sweet crude oil collected from the Macondo prospect in the Gulf of Mexico, with a
viscosity of ~0.01 Pa.s at 15oC, and specific gravity ~0.85 at 15oC.[208] The measured
interfacial tension between crude oil and saline water is 24.6±1.1 mN/m. Figure 5.3
shows the effect of the dispersant level on the interfacial tension between crude oil and
saline water. The addition of Corexit reduces the interfacial tension significantly with a
decrease of two orders of magnitude for a low dispersant to oil volume ratio of 0.01.
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Figure 5.3 Effect of the amount of dispersant expressed as the volume ratio of Corexit to
crude oil on the interfacial tension between crude oil and saline water. The inset shows
the effect of the mass ratio of LHMC to Corexit on the interfacial tension between crude
oil and saline water for two different dispersant to oil volume ratios (0.01 and 0.05).
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We have done experiments where the dispersant was first introduced into the oil
droplet before mixing with water, since the presence of light hydrocarbon distillates as a
solvent allows solubility in the oil phase. The equilibrium interfacial tensions measured
(not shown here) are within the statistical error of results reported in Figure 5.3 when the
dispersant is added to the water phase first. The results imply that the dispersant
originally designed for aerial delivery in the treatment of surface spills is also effective
when applied in deep sea environments if applied sufficiently close to the oil release, if
the surfactants in the dispersants are able to rapidly partition to the oil water
interface.[185]
The inset to Figure 5.3 shows the effect of addition of LHMC on the reduced
interfacial tension between crude oil and saline water due to Corexit. The dispersant was
added to the oil phase and LHMC was added to the aqueous phase. For both surfactant
levels (dispersant to oil volume ratios of 0.05 and 0.01), the addition of LHMC does not
cause a significant change in the interfacial tension. In the absence of Corexit, LHMC has
negligible impact on the equilibrium interfacial tension between crude oil and saline
water. The measurements using the pendant drop method (not shown here) indicate that
for low concentrations of LHMC, the reduction in the interfacial tensions between crude
oil and saline water is insignificant within the statistical error. These observations are in
accordance with earlier observations that chitosan has negligible surface activity.[74-75]
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5.3.2

Emulsion stability and characterization
To study the influence of the biopolymer on the dispersant effectiveness, Corexit

was first mixed with crude oil with a dispersant to oil volume ratio of 0.01 and then
added to two vials containing saline water. The oil to water ratio was maintained at 0.01.
An acidic solution of LHMC was added to one of the vials with a mass ratio of LHMC to
Corexit of 0.5. The vials were stirred together for 30 seconds at 3000 rpm and then left
undisturbed. Figure 5.4(a) shows photographs of the vials taken at regular intervals after
cessation of stirring. The control sample without HMC (top row, Fig 5.4(a)) indicates a
very rapid coalescence of oil droplets even within the time frame of starting the
experiment, as evidenced by the rapid formation of the ring of oil at the air water
interface. Within 30 minutes it is clear that much of the turbidity in solution has been lost.
The vial containing LHMC in addition to the dispersant (bottom row, Fig 5.4(a)) shows a
significant delay in the coalescence of oil droplets and retains a significant turbidity even
after 30 minutes. This experiment gives visual evidence of the ability of LHMC to
enhance the dispersion capability of Corexit. We propose that the stabilization is the
result of LHMC anchoring to oil droplets that have been formed through the addition of
Corexit to oil, and stabilizing the droplets through a combination of steric and
electrostatic repulsion.
Imaging of the droplets was then done through optical microscopy (Nikon Eclipse
LV100 fitted with a digital camera), with samples of the aqueous phase from the vials
taken both immediately and 30 minutes after stirring was stopped. A small aliquot of the
aqueous phase containing dispersed oil was placed on a glass slide and covered with a
glass cover slip. Figure 5.4(b-A) is the optical microscope image of the sample where
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crude oil was dispersed with the aid of only Corexit. The aqueous bottom phase
contained both bigger droplets (~100 μm) and smaller droplets (~ 20 μm) immediately
after stirring, with rapid coalescence leading to blurring of the image. It was observed
that the bigger oil droplets were unstable and coalesced quickly and moved to the edges
of the cover slip. For the bulk aqueous phase sample collected 30 minutes past the stirring
(Figure 5.4b-B), only very small uncoalesced droplets were observed, with most of the oil
having formed the surface ring shown in Figure 5.4(a, top right).
Figure 5.4(b-C) shows optical microscopy image of the aqueous phase in the
sample containing LHMC. Oil droplets with a wide size range (10-100μm) were observed
in the aqueous phase immediately after stirring. When compared to the emulsion
dispersed using Corexit alone, the droplets were observed to be significantly more stable.
30 minutes after cessation of stirring, the aqueous phase still contained oil droplets with a
wide size distribution (Figure 5.4 b-D). There is qualitative evidence of some coalescence
as the distribution seems to have shifted slightly to larger droplet size, but with retention
of colloidal stability in the aqueous phase.
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LHMC / Corexit
0 (w/w)

t = 0 min

t = 10 min

t = 30 min

LHMC / Corexit
0.5 (w/w)

t = 0 min

t = 10 min

t = 30 min

Figure 5.4(a) Photographic images showing the increased stability of the crude oil
droplets in the aqueous phase upon the addition of LHMC. The volume ratio of Corexit to
crude oil was 0.01. The mass ratio of LHMC to Corexit is 0.5 in the sample shown in the
bottom row. Both the samples were stirred together for 30 seconds at 3000 rpm and then
left undisturbed on the counter. The vial containing both Corexit and LHMC (bottom
row) has more oil dispersed in the aqueous phase after 30 minutes in comparison with the
vial containing only Corexit (top row).
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T= 0 min Corexit / Oil 0.01 (v/v)

T= 30 min Corexit / Oil 0.01 (v/v)
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Figure 5.4(b) Optical microscopy images of crude oil droplets dispersed in saline water
using Corexit with the dispersant to oil volume ratio of 0.01 without LHMC (A&B) and
with LHMC (C&D). The mass ratio of LHMC to Corexit was 0.5. The vials were stirred
together for 30 seconds at 3000 rpm and then left undisturbed on the counter. The large
droplets in the sample without LHMC coalesced over the period of 30 minutes, leaving
only smaller droplets in the aqueous phase (B). The droplets stabilized by LHMC (D)
were more stable over the period of 30 minutes.
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Turbidimetric measurements of the aqueous phase containing crude oil dispersed
with the aid of Corexit are shown in Figure 5.5(a). For the control sample, where no
dispersant was used, the transmittance steeply increases to 80% within the initial few
minutes and then steadily increases to 95% indicating that most of the oil droplets
separate from the aqueous phase quickly and come to the surface. For the dispersant to oil
ratio of 0.001, the addition of Corexit does not indicate a significant difference in the
transmittance versus time curve from the control. In the case, where the dispersant to oil
volume ratio is 0.01 and greater, the system retains turbidity for extended periods as
indicated by the low transmittance values that persist for over 30 minutes. We have used
a value of 0.01 for the dispersant to oil ratio in succeeding experiments where the effect
of LHMC is characterized. Figure 5.5(b) shows the effects of adding varying amounts of
LHMC as defined as the mass ratio of LHMC to Corexit. There is clearly an
improvement in maintaining the dispersion. At LHMC to Corexit ratios of 0.25 and
higher, the system shows considerable stability for extended time periods exceeding 30
minutes, although there is a negligible improvement in stability beyond a ratio of 0.25.
The turbidimetric measurements are consistent with the visual observations and indicate
that small amounts of LHMC can significantly improve the stability of the dispersed oil
droplets.
To further understand the stabilizing effect of LHMC, we compared the
dispersion characterization of drops stabilized with LHMC with those stabilized by
unmodified chitosan (UC). Figure 5.5(c) illustrates the results of the comparison done for
a chitosan to Corexit ratio of 0.25 (w/w). It is observed that unmodified chitosan also
enhances the stability of the droplets although it is not as effective as LHMC. While the
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cationic chitosan would be expected to interact with the anionic DOSS of Corexit, thus
positioning itself at the oil water interface, our explanation of the additional stabilization
is the anchoring of the hydrophobic alkyl groups of LHMC to oil droplets, forming a
coating over the drops.

100

Corexit / Oil (v/v) 0

% Transmittance

80

0.001

60
40

0.01

20

1

0.02
0.1

0
0

4

8

12

16

20

24

28

Time (in minutes)

Figure 5.5(a) Increase in the dispersant to oil volume ratio increases the stability of the
crude oil-in-saline water emulsion. The crude oil to saline water volume ratio was
maintained as 0.003.
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Figure 5.5 (b) Effect of the mass ratio of LHMC to Corexit on the stability of crude oilin-saline water emulsions. The dispersant to oil volume ratio was 0.01. The crude oil to
saline water volume ratio was maintained as 0.003. The addition of LHMC enhances the
stability of the dispersed oil droplets resulting in the increased turbidity of the aqueous
phase.
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Figure 5.5(c) Effect of hydrophobic modification of chitosan on the stability of the crude
oil-in-saline water emulsion prepared using the combination of Corexit and chitosan. The
dispersant to oil volume ratio was 0.01. The crude oil to saline water volume ratio was
maintained as 0.003. For the same mass ratio of polymer to Corexit (0.25), LHMC
stabilized the oil droplets more efficiently than unmodified chitosan.
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The steady shear viscosities of the aqueous phase containing crude oil dispersed
by Corexit and stabilized by LHMC are shown in Figure 5.6. For the case where the mass
ratio of LHMC to Corexit is 10, the viscosity of the aqueous phase was not observed to
be significantly different from the viscosity of saline water. Increasing the mass ratio of
LHMC to Corexit from 10 to 50 results in an increase of the viscosity of the aqueous
phase from 0.0015 Pa.s to 0.004 Pa.s. The mass ratios of LHMC to Corexit used in the
turbidimetric studies were 0.25 or lower confirming that the addition of small amounts of
LHMC does not impact the viscosity of the aqueous phase. This further supports our
hypothesis that the delay in the coalescence of the oil droplets in the aqueous phase is due
to the adsorption of the biopolymer at the oil-water interface and not due to the viscosity
of the aqueous phase.
Table 5.1 shows the effect of LHMC on the zeta potential of crude oil droplets
dispersed in saline water and deionized water using Corexit. For the control sample,
where no LHMC was added, the zeta potential of the crude oil droplets was measured as
–4 mV in saline water (0.6 M NaCl) and –53 mV in deionized water. The negative charge
of the oil droplets is due to the anionic DOSS present in Corexit. The low value of the
zeta potential of oil droplets in saline water is due to the electrostatic screening effect of
Na+ ions. [195, 209] In saline water, the addition of a small amount of LHMC at an
LHMC to Corexit mass ratio of 0.063 results in the reversal of charge on the oil droplet
with a positive zeta potential of 7 mV. Increasing the mass ratio of LHMC to Corexit
from 0.063 to 0.125 increases the zeta potential to 11 mV. No significant increase in the
zeta potential of the oil droplets was observed with a further increase in the concentration
of LHMC.
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Figure 5.6 Steady shear viscosity measurement of crude oil-in-saline water emulsion
prepared using Corexit and LHMC for oil to saline water volume ratio of 0.01. The
addition of LHMC has no significant effect on the viscosity of the emulsion at low mass
ratios of LHMC to Corexit.
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Mass ratio of HMC

Zeta Potential (mV)

Zeta Potential (mV)

to Corexit

NaCl Conc. (0.6 M)

NaCl Conc. (0 M)

0.000

-3.88±2.83

-52.53±2.40

0.063

6.87±2.89

38.27±1.01

0.125

11.08±1.44

44.71±3.18

0.250

10.68±0.91

50.77±3.48

0.500

11.37±0.93

43.52±1.14

1.000

11.12±3.64

42.13±2.30

Table 5.1 The effect of LHMC on the zeta potential of crude oil-in-water emulsion
stabilized by Corexit measured at pH=4 for two different NaCl concentration. The
addition of LHMC results in the reversal of the charge on oil droplets. These effects are
more prominently observable in deionized water. Low values of the zeta potential in
saline water are attributed to the electrostatic screening effect due to NaCl. The dispersant
to oil volume ratio for all the samples was 0.05.
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These results further corroborate our hypothesis that the cationic LHMC adsorbs
at the oil water interface. Once the surface of an oil droplet is saturated with the
polysaccharide chains, further addition of the LHMC does not result in any further
increase in the electrostatic repulsion to coalescence.[200] The effect of LHMC on the
surface charge of oil droplets is more pronounced in deionized water, where the zeta
potential of the oil droplets changed from negative to positive reaching a relatively
constant value (≈+50 mV) with increase in LHMC concentration.[200]
High resolution cryo-SEM images of the aqueous phase are shown in Figure 5.7.
The panels on the left show shows oil droplets dispersed in saline water with the aid of
Corexit at increasingly higher resolution (Figure 5.7A-C), while those on the right show
droplets in the presence of Corexit and LHMC (Figure 5.7D-F).

The relatively high

mass ratio of HMC to Corexit of unity was used to visualize the presence of the polymer
layer around the oil droplet. As shown in Figure 5.7, the interface between the crude oil
and water containing only Corexit is smooth (Figure 5.7C). The presence of LHMC at the
oil-water interface can be clearly seen in the sample stabilized by addition of the
biopolymer (Figure 5.7F). This is direct evidence for the adsorption of the polymer at the
oil-water interface. The layer of biopolymer around the oil droplet seen in the high
resolution cryo SEM images confirms our hypothesis that low molecular mass HMC
adsorbs at the crude-oil water interface. We speculate that the adsorbed polymer
enhances the colloidal stability of the disperse oil droplets by increasing the electrostatic
repulsions and also by providing a steric barrier to coalescence.
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Figure 5.7 High resolution cryogenic Scanning Electron Microscope (cryo-SEM) images
of oil droplet dispersed by Corexit (A-C) and after sequential addition of LHMC (D-F). A
layer of polymer around the oil droplet is observed in the sample containing LHMC (F).
Dispersant to oil volume ratio of 0.01 was used in both of the samples. The mass ratio of
LHMC to Corexit was 1.
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5.3.3

The effects of High Molecular Weight Hydrophobically Modified Chitosan
The use of high molecular weight HMC (HHMC) brings about the phenomenon

where the polymer bridges between oil droplets. Figure 5.8(a) shows the steady shear
viscosities of the aqueous phase containing crude oil dispersed by Corexit and stabilized
by both LHMC and HHMC. The dispersant to oil volume ratio and the mass ratio of
HMC to Corexit were kept constant in both samples. The viscosity of the sample
stabilized by the HHMC is an order of magnitude greater than the viscosity of the sample
stabilized by LHMC. Measurements of the elastic and viscous moduli of these systems
show additional differences in the rheological properties (Figure 5.8(b)). For the sample
containing LHMC, the elastic modulus (G’) is lower than its viscous modulus (G”) at
lower oscillation frequencies. A crossover at higher frequencies is observed when the
value of G’ becomes greater than G”, characteristic of a viscous fluid.[210-211] In the
case of HHMC, the values of G’ and G” are similar and G’ is slightly greater than G”
over the range of frequency sweep. This indicates a transition from a viscous solution to a
weak gel.[210-211] We speculate that at higher concentrations and high molecular
weights, the long polymer chains form a gel-like matrix with the hydrophobic residues
anchored at the oil-water interface. These observations agree with previous studies where
HMC is able to gel hydrophobic moieties such as carbon microspheres and vesicles.[77,
79]
To demonstrate the ability of HHMC to bind the oil in a gel-like phase, 100 μl of
crude oil was allowed to form a film on the surface of saline water in a Petri dish (Figure
5.8(c-A)). Application of Corexit along the edges of the Petri dish results in corralling of
the crude oil film by surfactant molecules due to Marangoni effects of introducing
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surface convective flow due to surface tension gradients and subsequent thickening of the
oil layer (Figure 5.8(c-B)). Application of HHMC (Figure 5.8(c-C&D) results in the
formation of a highly viscous phase containing crude oil which can be collected using a
spatula (Figure 5.8(c-E). In the absence of HHMC addition, this oil layer cannot be
picked up and breaks up when collection is attempted. The results point to methods of
immobilizing small surface spills for ease in removal through skimming. We propose that
the synergistic approach of using Corexit and HHMC to thicken the oil using HHMC
may find application in oil spill collection in calm waters when wave energy is
insufficient to break up spills into dispersed droplets.
5.4

CONCLUSIONS
Sequential application of low molecular weight hydrophobically modified

chitosan (LHMC) significantly enhances the stability of crude oil droplets dispersed in
saline water by Corexit due to the adsorption of the cationic biopolymer at the oil-water
interface. The formation of a protective polymer layer around the oil droplet enhances
colloidal stability by increasing the electro-steric repulsion between oil droplets. At low
volume ratios of oil to water, as is the case in oil spills, the addition of LHMC at the low
concentrations used to stabilize droplets does not modify viscosity of the aqueous phase.
An increase in the molecular weight of HMC (HHMC) results in an increase in the
viscosity which we propose is due to the tethering of oil droplets by HHMC, resulting in
the formation of gel like aggregates. When HHMC is applied to surface sheens of oil, it
thickens the oil through such tethering of droplets facilitating removal through skimming.
The concept may find use in the remediation of small spills.
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Figure 5.8(a) Effect of the molecular weight of HMC on the viscosity of crude oil-insaline water emulsions prepared using Corexit and HMC for high volume ratio of crude
oil to saline water (=0.1). The dispersant to oil volume ratio was 0.01 and HMC to
Corexit mass ratio was 10.The viscosity of the emulsion stabilized by HHMC is orders of
magnitude greater than that of the emulsion stabilized by LHMC. The increase in the
viscosity is due to the ability of the high molecular weight biopolymer to span oil
droplets with hydrophobic residues anchored at the oil-water interface.
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Figure 5.8(b) Elastic(G’)and viscous (G”) modulus of the emulsion of crude oil-in-saline
water emulsion prepared using Corexit and HMC for high volume ratio of crude oil to
saline water(=0.1). HMC to Corexit mass ratio was 10. While the emulsion stabilized by
LHMC shows characteristics of a viscous solution, the emulsion stabilized by HHMC
behaves like a very weak gel.
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Figure 5.8(c) Experiment demonstrating the ability of HHMC to bind the oil corralled
from a surface spill using Corexit. (A) A layer of crude oil on the surface of saline water.
(B) Application of Corexit along the edge thickens the slick. (C) Application of HHMC
results in the formation of a gel-like aggregate. (D) A close-up image of the gel-like
phase containing crude oil that can be collected using a spatula (E). (G) Schematic
showing crude oil corralled by Corexit and bound by HHMC in a gel-like aggregate.
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5.5

FUTURE WORK AND RECOMMENDATIONS

Chitosan and its derivatives are considered non-toxic[212] and biocompatible.[196, 213]
However, the possible cytotoxicity of chitosan on aquatic biota due to its cationic nature
needs further investigation. The concept of enhancing the stability of dispersed crude oil
droplets by the hydrophobically modified polysaccharides can be extended to other
natural polymers such as the alginates[214-215] which are anionic, and will be pursued in
continuing research. The oceans contain significant amount of polysaccharides known as
exopolymers, albeit in very dilute levels.[216] The harvesting of these entirely innocuous
biopolymers for spill remediation is a significant technological possibility. The
implications of our results to current remediation methods are significant in the view of
potentially reducing dispersant (synthetic surfactant + hydrocarbon solvent) use and
substituting biopolymers. Synergistic effect of modified natural biopolymers and
dispersants for oil spill remediation could result in a novel environmentally benign and
effective marine oil spill remediation technology for treating future oil seeps and spills.
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Chapter 6
HYDROPHOBICALLY MODIFIED BIOPOLYMER AIDED MAGNETIC
REMOVAL OF OIL
6.1

INTRODUCTION
Release of crude oil into marine environments occurs due to natural causes such

as seepages as well as anthropogenic sources. The removal and remediation of the surface
oil slick is imperative to reduce the impact of crude oil on shores and aquatic fauna.[185,
217] The choice of the process for spill remediation is influenced by various factors such
as quality of oil (viscosity, specific gravity, chemical composition etc.), magnitude of the
spill and environmental factors (wave action, wind, water temperature, salinity etc.).[185186, 217] In the event of a small spill such as from a tanker, the response system
typically involves physical or chemical containment of the spill followed by mechanical
recovery or in-situ burning.[217] One of the primary challenges in the remediation
process is to prevent the spreading of oil. Physical methods involve the use of
containment booms and mechanical skimmers. Surfactants are also used to corral and
thicken oil sheens before mechanical recovery or in-situ burning. This process is usually
employed in the absence of wave actions and is also known as chemical herding.[218]
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Solidifiers and sorbents, which are primarily polymer molecules and cross-linking
agents, are used for immobilizing and selectively adsorbing crude oil.[219-220] The
application of phase selective molecular gelators derived from sugar based compounds
for oil spill remediation has also been investigated in recent years.[221-222]
Superoleophilic – superhydrobhic meshes have also been studied for selective removal of
oil from water.[223-225] Alternative methods such as application of magnetic particles
for removal of surface oil [226-229] and for removal of oil from furs and feathers of
aquatic fauna have been studied in recent years.[230-232] The use of magnetic particles
for oil spill remediation offers advantages phase selectivity of the particles, magnetic
actuation and tracking of the spill.[233-235] Some of the recently proposed methods
involve the use of composite materials with magnetic properties for selective absorption
of oil from water surface.[229, 236] Typically, these systems consist of magnetic
nanoparticles such as iron oxide nanoparticles embedded in a polymer matrix such as
collagen or polyurethane.[233, 236]
In this study, we propose a novel method for sequestration and magnetic tracking
of oil spill through the application of natural additives such as polysaccharides. We
specifically focus on the application of hydrophobically modified chitosan. Chitosan is a
linear chain polysaccharide obtained by deacetylation of chitin, a naturally occurring
polymer found in the shells of most crustaceans.[72-73] It consists of n-glucosamine
monomers connected through 1-4 β linkages. Chitosan can be hydrophobically modified
by the process of reductive amination and alkyl residues can be covalently attached to
polymer backbone.[205] These hydrophobic residues can non-covalently link with the
hydrophobic regions in lipid vesicles or carbon microspheres.[77, 79] The lipid vesicles
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or carbon spheres serve as nodes and facilitate cross-linking between the polymer chains.
This results in formation of a biopolymer gel as shown in recent studies.[77, 79] As
shown in Chapter 5 High molecular weight hydrophobically modified chitosan (hereafter
designated as HHMC) can tether oil droplets by anchoring the hydrophobic residues at
the oil-water interface in a gel-like matrix. Application of HHMC to surface sheen
thickened by chemical dispersants results in the formation of gel like aggregates.[237]
In the current work, we extend the above concepts to describe a novel technology
where HHMC is used to aid the recovery of oil using magnetic particles. In this study, we
use magnetite nanoparticles supported on sub-micron size carbon microspheres
synthesized from inexpensive precursors such as sucrose and ferric chloride using a facile
aerosol based process.[65, 183, 238] The synthesis of iron nanoparticles supported on
carbon microspheres and their application in environmental remediation has been
investigated in detail in our previous papers.[65, 183, 238] We hypothesize that these
particles when applied to an oil spill will preferentially stay in the oil phase. The
application of HHMC will facilitate the immobilization of the oil through tethering of oil
droplets by the hydrophobically modified polymer chain. We demonstrate that a
synergistic approach of application of oil soluble nonionic surfactants such as Span80 to
thicken a thin film of oil followed by successive application of magnetite particles and
HHMC can effectively immobilize the spill and allow magnetic tracking and removal.
The distinctive aspect of the present work is the combined application of naturally
available polysaccharides and environmentally benign magnetic particles to immobilize
and sequester oil from a spill.
6.2

EXPERIMENTAL SECTION
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6.2.1

Chemicals
High molecular weight chitosan (>75% deacetylated, M.W. 310-375K Da), n-

dodecyl aldehyde (92%), nonionic surfactant Span 80, iron (III) chloride hexahydrate
(ACS reagent, 97%), sucrose (ACS reagent, ≥ 99%) and sodium cyanoborohydride
reagent grade, 95%) were obtained from Sigma Aldrich and used as received without any
further treatment. Deionized (DI) water, produced from an Elga water purification system
(Medica DV25) with resistance of 18.2 MΩ, was used in the synthesis of hydrophobically
modified chitosan. Louisiana sweet crude oil (viscosity ~0.01 Pa.s and specific gravity
~0.85 at 15 oC)[208] was obtained from British Petroleum’s Macondo prospect (SOB20100617032). Saline water containing 0.6 M sodium chloride (Certified ACS grade,
Fisher Scientific) was used as a substitute for sea water.
6.2.2

Synthesis of Hydrophobically Modified Chitosan
Chemical modification of high molecular weight chitosan was based on

procedures reported in the literature.[77, 205] N-dodecyl aldehyde was reacted with
chitosan dissolved in a mixture of ethanol and water. The pH of the mixture was
maintained as 5.0 to prevent the precipitation of chitosan by the addition of acetic acid.
The stoichiometric ratio of aldehyde residues to n-glucosamine monomers was 0.025.
Following the addition of sodium cyanoborohydride, the mixture was stirred for 24 hours
to complete the reaction. Sodium hydroxide solution was added to raise the pH to 7
resulting in the precipitation of hydrophobically modified chitosan. The precipitate was
repeatedly washed with water and ethanol to remove excess reactants. The hydrophobic
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substitution on the polymer backbone was confirmed from the 1H nuclear magnetic
resonance (NMR) spectra obtained from Bruker Avance 500 MHz NMR spectrometer.
6.2.3

Synthesis of Magnetite-Carbon Microspheres
Carbon microspheres containing magnetite nanoparticles were synthesized using a

facile aerosol based process described in the literature.[65, 183] Briefly, a precursor
solution containing 6.0 g of sucrose and 4.0 g of FeCl3.6H2O in 30 ml of deionized water
was stirred for 30 minutes. Aerosol droplets, created by atomizing precursor solution,
were passed through a tube furnace (Type F21100 tube furnace, Barnstead International,
Dubuque, IA) maintained at 500 oC by an inert gas (N2) at a flow rate 2.5 l/min. The
details of the aerosol reactor and the aerosol based process are described in previous
papers from our group. The composite particles were collected over a filter maintained at
100 oC and then pyrolyzed at 500 oC under N2 atmosphere for five hours.
6.2.4

Particle Characterization
Particle size and morphology was determined using transmission electron

microscopy (TEM; JEOL 2010, operated at 120 keV). X-ray diffraction (XRD, Rigaku
Instruments, Cu Kα radiation) was used to characterize crystal structure of iron oxide
carbon composite particles. Surface area and pore structure were determined using
Brunauer-Emmet-Teller Method from nitrogen adsorption isotherms obtained using
Micromeretics ASAP 2010 surface area analyzer The magnetic measurements (major
hysteresis loops) were done at room temperature on a Princeton AGM-VSM
Magnetometer, using the VSM option with maximum magnetic field up to 20 kOe.
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6.2.5

Characterization of Gel and Cryo-Scanning Electron Microscopy (SEM)
Steady-shear rheology measurements were made at 25oC on a TA Instruments AR

2000 rheometer using a cone and plate geometry of 40 mm diameter with 1o cone angle.
Cryo-Scanning Electron (SEM) microscopy was performed using Hitachi S-4800 Field
Emission SEM operated at a voltage of 3 kV. A small aliquot of the sample was plunged
in liquid nitrogen followed by fracture at -130 oC using a flat edge cold knife. The surface
solvent was sublimed at -95 oC for 5 minutes. The sample was sputtered with a goldpalladium composite at 10 mA for 88s and imaged at a working distance of ~ 9 mm.
6.3

RESULTS AND DISCUSSION

6.3.1

Particle Characteristics
The aerosol based synthesis of the iron-carbon particles has been discussed in

detail in the literature.[65, 183] The atomization of the precursor solutions results in
generation of polydisperse spherical droplets of homogenous chemical composition. As
these particles pass through the heating zone, the aerosol droplets undergo solvent
evaporation, dehydration of sucrose and simultaneous precipitation and conversion of
iron salt as oxides. The pyrolysis step leads to further carbonization of the composite
particles yielding well defined spherical carbon spheres embedded with iron oxide
particles.[183] Figure 6.1(a) shows the TEM images of the composite particles consisting
of iron oxide nanoparticles embedded in spherical carbon microspheres. The polydisperse
sub-micron size carbon particles are typically in the size range of 300-1000 nm.
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Figure 6.1(a) TEM images of magnetite-carbon composite particles synthesized by the
aerosol-based process at 500oC and pyrolyzed at 500oC (b) X-Ray diffraction pattern for
magnetite-carbon composite particles synthesized by the aerosol-based process at 500oC
and pyrolyzed at 500oC.
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Figure 6.1(c) Nitrogen adsorption-desorption isotherm for the pyrolyzed magnetitecarbon composite particles (d) Magnetic hysteresis loop showing the ferromagnetic
nature of pyrolyzed magnetite-carbon composite particles. Inset showing the details of
the loop at low field.
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The X-Ray Diffraction (XRD) spectrum (Figure 6.1(b)) of the composite particles
shows peaks confirming the presence of magnetite nanoparticles in the composite
particles. The nitrogen adsorption-desorption isotherm for the composite particles is a
Type IV isotherm (Figure 6.1(c)) with a hysteresis indicating the presence of mesoporous
structure with surface area of 269±7 m2/g obtained using Brunauer-Emmett-Teller (BET)
method. The magnetic hysteresis loop obtained from vibrating sample magnetometer
measurements is shown Figure 6.1(d). The inset shows the detail of the small hysteresis
loop indicating the ferromagnetic nature of these composite particles. These composite
particles have very low values of coercivity (~33 Oe) and remanent magnetization (~0.3
emu/g) indicating reduced interaction between the magnetite nanoparticles embedded in
the carbon matrix.
6.3.2

Characteristics of Crude Oil-in-Water Gels
To demonstrate the ability of HHMC to form a gel, an acidic solution of HHMC

containing 1% (w/w) of the polymer was taken in a vial and crude oil was added to it in
oil to water ratio of 1:3. The vial was shaken on a vortex mixer (~3000 rpm) for 2
minutes and left on the counter. A couple of hours later, an upper gel-like phase of crude
oil in water was observed which was able to hold its weight in the vial inversion test as
shown in the inset picture of Figure 6.2(a). The cryo SEM image of the gel phase (Figure
6.2(a-b)) shows oil droplets dispersed in the polymer matrix of hydrophobically modified
chitosan. These observations are consistent with previous studies where hydrophobic
alkyl chains anchor in the hydrophobic phase and the polymer chains form a gel-like
matrix.[77]

143

WATER

CRUDE
CRUDE
WATER

CRUDE
OIL

500 μm

Figure 6.2(a) Cryo-SEM images of the crude oil-in-saline water gel stabilized by HHMC
without the aid of dispersant for high volume ratio of crude oil to saline water (=0.33).
The inset shows the vial inversion test for the crude oil-in-saline water gel. The vial on
the left is a control sample and does not contain HHMC. The vial on the right shows a gel
phase of crude oil-in-water stabilized by HHMC.
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Figure 6.2(b) High resolution cryo-SEM images of the crude oil-in-saline water gel
stabilized by HHMC without the aid of dispersant for high volume ratio of crude oil to
saline water(=0.33). Crude oil droplets are trapped in a matrix of polymer chains. The
inset shows the details of the layers of polymer chains.
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Figure 6.3 Elastic (G’) and viscous (G”) modulus of the gel of crude oil-in-saline water
stabilized by HHMC for high volume ratio of crude oil to saline water (=0.33). The
steady shear viscosity measurement (inset) shows properties of a shear thinning gel.

Rheological measurement of the upper phase (Figure 6.3) shows that the elastic
modulus (G’) is consistently greater than its viscous modulus confirming the gel like
behavior of the upper phase.[211] The steady shear viscosity measurement of the upper
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phase (Figure 3(inset)) shows the viscosity of the gel decreases with increase in the shear
rate thus confirming the shear thinning properties of the gel. The ability of the modified
biopolymer to bind the oil droplets in a polymer gel matrix has a great potential in
immobilizing the oil from spreading and facilitate mechanical skimming.
6.3.3

Biopolymer-aided Collection of Crude Oil using Magnetic Particles
Based on the observations from the cryo-SEM images of the gel of crude oil

droplets in the matrix of HHMC, we hypothesize that even at low oil to water volume
ratio, HHMC would be able to tether the oil droplets together. We speculate that
sequential application of hydrophobic magnetic particles and HHMC will result in
immobilization of oil droplets containing magnetic particles in a polymer matrix as
shown schematically in Figure 6.4(a). The proof of the concept is demonstrated through
visual observations as shown in Figure 6.4(b). 10 mg magnetite-carbon composite
particles were added to two vials containing crude oil and saline water. The crude oil to
water volume ratio was 0.005 and the mass ratio of particles to crude oil was 0.25 in both
of the samples. 0.1 ml of a solution containing 1 % (w/w) HHMC was added to one of the
vials, the mass ratio of HHMC to crude oil being 0.025. Both of the samples were stirred
together for 30 seconds at 3000 rpm on a vortex mixer (Thermolyne Maxi Mix II, 37W)
and kept adjacent to magnetic bar (strength ~ 7 mT). As can be seen in figure 6.4(b),
more oil was collected at the magnetic pole in the sample containing HHMC. It is also
noteworthy that the magnetic carbon particles were present in the oil phase and did not
precipitate upon stirring.
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Figure 6.4(a) Schematic showing high molecular weight hydrophobically modified
chitosan (HHMC) tethering oil drops containing magnetic carbon particles in a gel like
matrix which can be removed using a strong magnet.
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Figure 6.4(b) Photographic images show that the addition of HHMC results in enhanced
collection of crude oil. Two vials containing equal amounts of crude oil and saline water
were taken. The volume ratio of crude oil to saline water was 0.005. 10 mg of magnetitecarbon composite particles were added to the both of the vials. The particles being
hydrophobic stay in the oil phase. 0.1 ml of 1 % (w/w) HHMC was added to one of the
vials. Both the samples were stirred together for 30 seconds at 3000 rpm and then left
undisturbed on the counter next to a strong magnet. Visual observations show that more
oil was collected at the magnetic pole in the vial on the right containing HHMC.
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A small aliquot of oil collected at the magnetic pole was pipette and placed on a
glass slide and observed under an optical microscope (Nikon Eclipse LV100 fitted with a
digital camera). Figure 6.4(c-A) is the optical microscope image of the control sample
where no HHMC was added. The sample separated into two distinct layers of crude oil
and saline water with the particles staying in the oil phase. Figure 6.4(c-B) shows the
optical microscope image of the sample where HHMC was added. It is evident that the
droplets created by the stirring were stabilized by HHMC and coalescence was prevented.
Here again, we observed that the magnetic carbon particles stay in the oil phase. These
observations provide qualitative evidence of stabilization and tethering of crude oil
droplets by HHMC and corroborate our hypothesis.
Measurements of the elastic modulus (G’) and the viscous modulus (G”) of the
upper layer of crude oil containing magnetite carbon particles from the two sample vials
show significant differences in the rheological properties (Figure 6.5(a)). For the sample
containing HHMC, the elastic modulus (G’) is consistently greater than the viscous
modulus (G”) over the range of frequency oscillation. This behavior is representative of a
gel and is similar to the observations shown in figure 6.3.[211] For the control sample,
where no HHMC was added, a cross-over at higher frequencies is observed representing
the behavior of a viscous fluid.[77, 211] The steady shear viscosity measurements (Figure
6.5(b)) of these samples show a shear thinning behavior. The viscosity of the crude oil
droplets stabilized by HHMC is significantly higher (~5 times) than the control sample.
We speculate that the addition of HHMC increases the viscosity due to the biopolymer
spanning the oil droplets resulting in the formation of a gel-like aggregate.
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Figure 6.4(c) Optical microscope images of the sample collected from the vials showing
in figure 4(b). (A) The sample containing only Fe3O4-carbon particles when placed on a
slide separates as a distinct water layer and a crude oil layer containing magnetic
particles. (B) The sample where HHMC was added following the application of Fe3O4carbon particles, stable oil droplets containing magnetic particles were observed.
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Figure 6.5(a) Elastic(G’) and viscous (G”) modulii of the crude oil droplets containing
magnetite-carbon composite particles trapped in HHMC matrix shows gel like properties.
(b) Steady shear viscosity of crude oil droplets containing magnetite-carbon composite
particles trapped in HHMC matrix is an order of magnitude greater than the viscosity of
the sample without HHMC.
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Figure 6.6 High resolution cryo-SEM images of crude oil droplets containing magnetic
carbon particles in a gel matrix of HHMC.
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High resolution cryo-SEM images of the sample containing crude oil droplets
containing magnetic particles bound by HHMC are shown in figure 6.6. These images
provide direct evidence of bridging of crude oil droplets by HHMC to form a gel-like
matrix. The magnetite-carbon composite particles are seen to present primarily in the oil
phase. Some carbon particles were observed to be attached to the biopolymer in the
proximity of the oil droplets as well as the oil-water interface (Figure 6.6 D). This is
consistent with previous observations of the hydrophobic residues of the modified
biopolymer anchoring themselves in hydrophobic carbon particles.[79] These
observations confirm our hypothesis that the magnetite carbon composite particles stay
primarily in crude oil and the addition of HHMC results in immobilization of crude oil
droplets. We propose that a combined approach involving the application of magnetic
carbon microspheres and HHMC can facilitate the removal of surface oil from a spill by
confining the spill to a small area and allowing the magnetic tracking.
6.3.4

Application of HHMC and Magnetite-Carbon Composites for Oil Removal
To further demonstrate the potential application of HHMC and magnetic

composite particles, a thin layer of crude oil (~0.05 ml) was formed on the surface of
saline water in a 100 ml Petri dish (Figure 6.7A). Nonionic surfactant Span 80 was
applied along the edges of the Petri dish which results in the introduction of surface
convective forces due to surface tension gradients (Marangoni Effect). The surfactant
molecules corral and thicken the layer of crude oil as shown in figure 6.7B. The volume
ratio of Span 80 to crude oil was 0.02. Magnetite-carbon composite particles were added
to the thickened layer of crude oil (Figure 6.7C).
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Figure 6.7 Experiment demonstrating the ability of HHMC to bind the oil from a surface
spill. (A) A layer of crude oil on the surface of saline water. (B) Application of Span 80
around the crude oil slick thickens the layer. (C) Magnetic carbon particles added to the
thickened layer. The carbon particles remain in the oil phase. (D) Application of HHMC
results in formation of gel like cluster containing oil and carbon particles. (E) A close-up
image of the gel-like aggregate. (F) The aggregate is magnetically responsive. (G-H) The
gel-like aggregate containing crude oil, particles and HHMC collected from water surface
using a bar magnet.
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Application of HHMC to the thickened crude oil layer containing magnetic
particles results in the formation of gel-like aggregate (Figures 6.7D-E). The mass ratio
of HHMC to crude oil was 0.025. The gel-like aggregate of crude oil containing
ferromagnetic particles can be tracked with the help of a bar magnet and removed from
the surface of water (Figures 6.7F-H).
HHMC plays an important role in immobilizing the oil and binding crude oil
containing magnetic particles. This is demonstrated through a different set of experiments
where a thin film of crude oil was corralled with the help of nonionic surfactant Span 80
and magnetite-carbon composite particles were applied to the oil phase. HHMC was then
added and the oil was collected using a bar magnet and weighed. For the control
experiment, where no HHMC was added, crude oil containing the composite particles
was collected using a bar magnet and weighed. Visual observations suggest that in
comparison to the case where HHMC was used, more oil was left on the surface when no
HHMC was applied to the thickened crude oil containing magnetic particles (Figure 8).
The weight analyses show that 20-30 % more crude oil was collected when HHMC was
used to gel the sample. These results point to the potential of HHMC in sequestering
crude oil from a small surface spill for ease of removal using mechanical or magnetic
means. Based on these observations, we propose a synergistic approach combining the
application of nonionic surfactants such as Span 80, magnetic particles and HHMC for
sequestration and removal of surface oil from a small spill.
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Figure 6.8 Photographic images showing the enhanced recovery of crude oil due to the
application HHMC. (A) Layer of crude oil thickened by application of Span 80
containing magnetite carbon particles. (B) Magnetic particles removed from the oil
leaving a significant amount of oil on the surface of saline water. (C) Layer of crude oil
thickened by application of Span 80 containing magnetite carbon particles and gelled by
the application of HHMC. (D) Most of the oil containing magnetic particle is removed
from the surface of saline water in the sample where HHMC was applied.
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6.4

CONCLUSIONS
HHMC is able to form crude oil-in-water gel at high volume ratio of crude oil to

water. The hydrophobic residues attached to the biopolymer chains anchor at the oil
water interface allowing the chains to span the droplets and form a gel-like matrix. At
lower volume ratios of crude oil to saline water, the biopolymer chains were able to tether
the oil droplets together as evidenced by the cryo-SEM images. Sequential application of
hydrophobic magnetic particles and HHMC results in formation of gel-like aggregates.
The magnetite-carbon composite particles preferentially stay in the oil droplets that are
bound in a matrix of the biopolymer. Application of HHMC to surface spill can
significantly change the rheological properties of the oil layer. The outcome of this study
has significant implications to the remediation techniques employed for small oil spills.
Developing a synergistic method based on the application of nonionic surfactants such as
Span 80, magnetite-carbon composite particles and HHMC can facilitate the
sequestration and magnetic tracking of small spill and enhanced recovery of the oil from
a surface spill.
Chitosan and its derivatives are categorized under generally regarded as safe (GRAS)
materials and are used in biomedical applications.[73, 76, 196] The magnetite carbon
particles are derived from benign precursors such as sucrose and ferric chloride.
However, the aquatic toxicity of these materials and the environmental impact of the
proposed remediation method need further investigation. The outlook of the current
research is promising in the view of potentially minimizing the use of traditional
dispersants for sequestration of small spill and developing a novel environmentally
benign method for enhanced sequestration and removal of oil.
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APPENDIX
SANS studies of Trichloroethylene inclusion in CTAB Micelles
1.

INTRODUCTION
Surfactants such as cetyltrimethylammonium bromide (CTAB) are effective in the

removal of Dense Non Aqueous Phase liquid (DNAPL) such as trichloroethylene (TCE)
from ground water due to the increased solubilization and mobilization of the organic
species.[239] The inclusion of organic dopant molecules such as phenols cause structural
changes in the shape of CTAB micelles.[240-242] Small Angle Neutron Scattering
(SANS) studies suggest that spherical CTAB micelles transition to elongated wormlike
micelles and tubular vesicles upon inclusion of organic dopant molecules.[240-242] In
this study we investigate the effect of trichloroethylene (TCE) on the structure of CTAB
micelles using SANS technique.
2.

EXPERIMENTAL METHODS

2.1

Chemicals
CTAB and TCE were purchased from Sigma-Aldrich (purity > 99%). Deuterium

oxide (99.9%) from Cambridge Isotopes Laboratory was used as the solvent medium. All
chemicals were used without any further purification or treatment.
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2.2

Sample Preparation
Samples with varying CTAB concentration and a fixed TCE concentration in D2O

were prepared. The compositions of the samples are shown in table B.1. The
concentration of CTAB was above the CMC (> 0.97 mM) in all the samples used in this
study. [243] 10 mM CTAB solution in D2O was used as the control.
2.3

SANS Data Acquisition
SANS measurements were done at NIST Center for Neutron Research (NCNR) at

Gaithersburg, MD using 30 m NG3 SANS beamline.[244] The equipment employs a
pinhole collimator and a mechanical velocity selector. The samples were contained
between two quartz windows inside stainless steel sample holders with neutron path of 2
mm and maintained at 30o Celsius. A two dimensional 65 X 65 cm2 position sensitive
detector tilted at 2o was placed at 1m, 4m and 13 m to cover a q range of 0.005 Å-1 to 0.5
Å-1 where q is defined as wave vector and is evaluated as 4π sin (θ/2)/ λ, θ being the
scattering angle and λ is the wavelength of neutron beam (= 6 Å in our experiments).
This corresponds to particle dimensions (D) of 1.25 nm to 125 nm which is arrived at by
following equation.

D=

λ
2 sin θ

=

2π
2π
=
q
 4π sin θ 



 λ

(B-1)
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Sample

Conc. of CTAB (mM)

Conc. of TCE (mM)

TCE / CTAB

1

10

0

0.00

2

15

5

0.33

3

10

5

0.50

4

5

5

1.00

Table B.1. Composition of the samples with varying TCE to CTAB molar ratios. Sample
1 is the control sample.

10

Intensity (cm-1)

Sample 1
Sample 2
Sample 3
Sample 3

1

0.1

0.01
0.001

0.01

0.1

1

q(Å-1)

Figure B.1. SANS profiles showing scattering intensity after background subtraction vs.
wave vector (q) obtained after data reduction.
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2.4

Data Reduction
The raw data was corrected and placed on an absolute scale by subtracting the

transmission, background and detector sensitivity data obtained at 1m, 4m and 13 m. The
reduced data at these detector positions were smeared using a program provided by
NCNR using IGOR Pro software. [245] Data analysis and linear fits were obtained using
another program provided by NCNR on IGOR Pro platform.[245] The reduced intensity
I(q) versus wave vector q data is shown in Figure B.1.
2.5

SANS Analysis

The scattering intensity I(q) obtained for all the samples is given as

I (q) =

N
( ρ1 − ρ 2 ) 2 P ( q ) S ( q )
V

(B-2)

where N/V is the number density, (ρ1- ρ2) is the difference in Scattering Length Density
(SLD), often referred to as contrast factor, S(q) is the structure factor determining interparticle interactions and P(q) is the form factor which indicates the intra-particle
dimensions and structure. If the solution is dilute enough the contributions due to S(q)
goes to unity and the I(q) vs q plot would yield information about the structure.

I (q) = I 0 (q) P(q)

(B-3)

Three distinct regions can be identified on the scattering profiles. The low q
(Guinier/Zimm) region (0.03 Å-1 to 0.07 Å-1) followed by a fractal region (0.07 Å-1 to
0.12 Å-1) and a decaying Porod region.[246] The intensity data for q values lower than
0.03 Å-1 were not considered in this study as they are contributions due to inter-particle
162

interactions. In the Guinier region, for dilute and non interacting particles, the scattering
is independent of the morphology.[247] The size of the particles can then be estimated by
the following equation
 − q 2 R g2
I (q)
= P(q ) ~ exp
lim
 3
q →0 I ( q )
0







(B-4)

where Rg is the radius of gyration of the objects. For polydisperse spheres the radius of
gyration is given as

R =
2
g

3 R2
(B-5)

5
−

R2 = R2 + σ 2

(B-6)

where σ is standard deviation in the radii of the polydisperse spheres described by a mean
−

radius R . For an rotational ellipsoid with a and b as axes (a being the radius of rotation
axis) radius of gyration is evaluated as

R g2 =

[

1 2
a + 2b 2
5

]

(B-7)

The slopes of the fractal region indicate the dimensionality of the scattering
particles. The slope of the log I(q) vs log q in the fractal region vary between -2.3 and 3.0 indicating the presence of polydisperse spheres or ellipsoids with aspect ratios close
to 1. An initial estimate of particle size can be made by calculating the radius of gyration
of the particle. The radii of gyration were obtained by linear fitting of ln I(q) vs q2 data in
the Guinier regime (Table B.2). SANS profiles described by polydisperse spheres with
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Schultz size distribution [248] and uniform ellipsoid profiles[249] were fitted to the
experimental data (for q > 0.3 Å-1) within a reasonable range of accuracy (χ2 values in the
range 1.5-3.5). The polydisperse sphere profile fits to the experimental data are shown in
figure B.2 and the fitted parameters are shown in table B.3. The fits of uniform ellipsoid
profiles to experimental data are shown in figure B.3 and corresponding parameters are
tabulated in table B.4.
3.

RESULTS AND DISCUSSION
The initial estimates obtained from the Guinier fits (Table B.2) suggest that the

addition of TCE does not cause any appreciable change in the radii of the spheres. The
CTAB micelles are estimated to be within the size range of 21-24 nm. This agrees with
previously reported data in the literature.[241] The polydisperse sphere profiles fitted
(Figure B.2) to the SANS data also yield a similar size range and low polydispersity. The
uniform ellipsoid profiles fitted to the intensity vs wave vector plots also show a good fit
(Figure B.3). The aspect ratios of these ellipsoids are in the range 1.5-1.6. The radii of
gyration calculated from the spherical and ellipsoidal profiles are shown in Table B.2.
The radii of gyration calculated from the fitted parameters of ellipsoids are in close
agreement with those obtained by Guinier fit suggesting that micelles are more likely to
be ellipsoidal rather than being spherical in shape.
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Sample TCE/CTAB

Rg obtained from

Rg obtained
from Guinier fit

polydisperse sphere
profiles

Rg obtained
from uniform
ellipsoids
profiles

1

0.00

22.02 ± 0.04

19.26

22.18

2

0.33

23.60 ± 0.03

19.81

23.33

3

0.50

22.46 ± 0.04

19.73

22.63

4

1.00

21.07 ± 0.06

20.00

22.32

Table B.2. Radii of Gyration for micelles with varying ratio of TCE to CTAB evaluated
from linear fits to Guinier’s plot and calculated from the shape profiles fitted to SANS
data.

Intensity (cm-1)

10

1

0.1

0.01
0.1

1

q(Å -1)

Figure B.2. Polydisperse sphere profiles fit to SANS data. Dark lines represent fit while
circles represent intensity data
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Sample

TCE/CTAB

Mean Radius (Å)

Polydispersity

1

0.00

24.87 ± 0.04

0.15

2

0.33

25.58 ± 0.03

0.16

3

0.50

25.48 ± 0.03

0.15

4

1.00

25.82 ± 0.061

0.13

Table B.3. Parameters for polydisperse spheres (Schultz size distribution) profiles fitted
to SANS profiles

Intensity (cm-1)

10

1

0.1

0.01
0.1

1

q(Å -1)

Figure B.3. Uniform ellipsoid profiles fit to SANS data. Dark lines represent fit while
circles represent intensity data
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Principal radius a (Å)
Sample TCE/CTAB

Principal radius b (Å)
(rotation axis)

1

0.00

37.76 ± 0.09

22.73 ± 0.02

2

0.33

39.75 ± 0.08

23.88 ± 0.02

3

0.50

37.81 ± 0.10

23.79 ± 0.03

4

1.00

36.42 ± 0.18

24.12 ± 0.05

Table B.4. Parameters for uniform ellipsoid profiles fitted to SANS profiles.
4.

CONCLUSIONS
Analysis of the SANS data shows that the incorporation of TCE in the CTAB

micelles does not cause any significant change in the structure of the micelles. The
micelles are more likely to be ellipsoidal or polydisperse spheres as suggested by the
profile fits to the SANS Data.
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